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ABSTRACT 


An extensive study of small-scale, unconfined, fire-induced ceiling 
jets was conducted under ceiling transient and steady state conditions: 
Constant, steady fire strengths of between 0.5 to 2.0 KW and fire-to- 
ceiling heights of 1.0 m and 0.5 m were used producing non-dimensional 
convective heat input to the ceiling, in the range of 4.5 Xeed® ee 0 
1.0 x 107-7. The ceiling jet transient characteristics caused by the 
ceiling heating, as well as its steady state characteristics, were 


studied using velocity and temperature measurements 


Detailed velocity and temperature measurements of the ceiling jet 
were made simultaneously using the cross-correlation velocimetry tech- 
nique from the start of the fire until the ceiling reached steady state. 
Velocity and temperature profiles were obtained at several radial 1loca- 
tions away from the plume impingement point. These measurements were 
made for transient and steady ceiling jet conditions in the case of the 
H=1.0 m. All the transient measurements in the H=0.5 m case were 
limited to temperature meaSurements. At steady state, however, both 


temperature and velocity measurements were obtained. 


The cross-correlation velocimetry technique was enhanced and 
verified in this study. In this technique, pairs of thermocouples were 
used to trace the thermal fluctuations of the flow and the cross- 
correlation method was employed to determine a mean time spent by the 
fluid to travel the known distance between the thermocouple pairs. It 


was concluded that this velocity measurement technique is suitable for 


vii 


highly turbulent and non-isothermal flows when the flow has a dominant 
and preferred velocity component. Such flows' mean velocity may be 
measured within +5% accuracy, limited by a requirement that a minimum of 


+2 °C thermal fluctuation exist about the fluid mean temperature. 


The velocity measurements indicate that the ceiling jet velocity 
profiles are independent of ceiling transience. The temperature profi- 
les, however, show an increase in the maximum ceiling jet temperature 
and a decrease in the distance, from the ceiling, of the point of 
ceiling jet maximum temperature with increasing time. Furthermore, from 
the steady state data it was deduced that characteristic momentum and 
thermal thicknesses are not equal. The Gaussian thermal thickness of 


the ceiling jet seem to be only weakly effected by the ceiling heating. 


The steady state velocity and temperature data correlated well for 
all the fires and for most of radial positions. Empirical equations 
have been developed for the steady state velocity and temperature profi- 
les and their respective maximum values. In addition, empirical 
equations defining the Gaussian ceiling jet thermal and momentum thick- 
ness and the boundary layer thermal and momentum thicknesses have been 
developed. These empirical models can be used to define the ceiling jet 


flow. 


The transient ceiling jet temperature data could not be easily 
correlated due to the physics of the problem where several flow parame- 
ters need to be scaled simultaneously. The most important finding is 
that the position of maximum temperature changes considerably with 


time and moves toward the ceiling. 


ViLE 


In order to quantify the transient thermal characteristics of the 
ceiling jet, a numerical solution was developed using two dimensional 
turbulent energy and mass conservation equations in the ceiling jet 
flow. Favre density-weighted averaging was used in obtaining mean tur- 
bulent quantities. The results showed good agreement between experimen- 


tal and numerical values in most cases. 


In general, the work reported here is unique in many aspects. The 
extent of data collection and the complete and detailed temperature and 
velocity profiles obtained for small scale unconfined ceiling jets have 
not been produced in other works. Specifically, previous investigators 
have not made transient velocity measurements and previous transient 
temperature measurements have not been as extensive as those produced in 


this work. 
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FORWARD 


This is the final report on the research performed under National 
Institute for Standards and Technology, Grant No. 7ONANB5HO551, by Dr. 
Vahid Motevalli of Worcester Polytechnic Institute (formerly at the 
University of Maryland) and Dr. Colin H. Marks of the University of 
Maryland with Dr. David Evans of the Center for Fire Research, National 
Institute for Standards and Technology as the scientific officer. This 
report essentially constitutes the dissertation of Vahid Motevalli for 
his Ph.D. degree at the University of Maryland. The experimental work, 
in its entirety, has been performed at the Center for Fire Research, 


NIST in Gaithersburg, Maryland. 


ACKNOWLEDGMENT 


The authors would like to thank the Center for Fire Research at the 
National Institute of Standards and Technology for funding this research 
effort which was largely conducted at the Center's laboratories. They 
would also like to express their gratitude to many of the personnel at 
thewcenter Tor Fire Research, SpeCciallvaurs. ebeonard.y. Cooper. David 
Evans, Howard Baum and James Quintiere and many others such as Emil 
Braun, David Stroup and William Rinkinen for their helpfulness which 


made this work at the Center a pleasant and successful experience. 


Special thanks go to Dr. Bernard J. McCaffrey for his ideas, 
guidance, encouragement and support in the experimental aspects of this 


work. 


Furthermore, the assistance provided by the Computer Center at the 
University of Maryland for use of the University Computer facility is 


acknowledged and appreciated. 


xi 


TABLE OF CONTENTS 


page 
Nomenclature XVi 
Chapter 120. = Introduction @eeeeeeeseeeeeeseeeweseoeeeeeseeeeeeeeeseee 1 


ise = Description of the Problem eoeoeoeeeeeeeceeeee ee ee 
Vertses bs! Objectives eaoeeeeeveeeeeeeeeeeeseeeeeeeee 


i a efi - Fire Plumes Coeceeceeeseeseeeeoeeeeeeoeee 


1 

2 

1.2, = EOF 1resto  LNesCe iii NG nUGUmtess sss one's slateie e 4 
4 

Viele eo cdg @eeeeoeeeeeseveeeeeeeseeesespoesneon7eeeee @ 5 


ees cs Ceiling Jet @eeeseeoeeceaeeeeseeeeesaeeseesseoeoeeeseW@eseeoeeeneee@ ri 
1.3.1 - Previous Work Related to Unconfined 
Ceiling Jet @eeeeeeeoeeseseeeewoeoeeeeeeeeeeeee © 8 


Chapter 2.0°- Experimental: MCCNOCm ests tc eeicte sols e's ciclcle © 4 terete stele 16 


Zel ~"EXDErIMEN GL SOU UP tetelcrs eo crerstete + ees o's ec ca air Sierecciete 19 
Loslioil al OUIMC lille secets etaiela el ciateiets cceletasel Stace sl etelets aeetnes 19 
Celok = CENT LUG Meisels ects eleiste ss ct a6 ste ete tele ol stetetens 20 
2.1.3 - The Velocity and Temperature Probe .... an 


Zee foes Data Acquisition System @eeeeeoeeooeoeoeeeoeeespeseeeee @ 24 
2.3 - Velocity and Temperature Measurements .ecccceee 26 
Ly Ae = Cross-Correlation Velocimetry eeceoeoove2enenene0eee0000 29 
2401 —. The, Taylor Approximationia... ccs +s ean 30 
2.4.2 - Fundamental Theory of Cross- 
COPcelationeVelocimeCGyis ses cle clerctslarslet samme 
2.5 - Data Collection and Processing for Velocity 
and: Temperatures MeasurementSocrs. cle ote clercts co cies munr ss 
Zoos. ~ Considerations in) Vata COlleGCtIONn we. .sh eso 
2.6 - Effect of Thermocouple Bead Size on Velocity 
andoTemperaCure. MEASUREMENTS) . cm cae cisterste cele so es 39 
2.6.1 - Effect of Heat Conduction Through 
Thermocouple Wire on Temperature 
Measurements eeeeseeoeosesvseoeeeeeneee7eeneeeee@ 41 
Lan = Probe Reversal eeeeecoevoecoeoe ee eocoeoseeseeeseeeeveeeeee82 8 42 
2.8 - Velocity Measurement Verification Method ...... 44 


2.9 = Experimenta ly Procedure santateeus cietcis + ccteisie ees aise cee 


3S LSh 


Chapter 3.0 - Discussion of Experimental Results ...cecccceee 


Son - Data Reduction eecereeeeeeeeeeen e@eeeeveee e@eeeveeecece 


Sees SO LCOU VEO CA LEPRESULCSSANOT DNS CUSSILON Meets ei taeiate 


3.3 - 


Chapter 4 - 


4.1 
4.2 
4.3 
4.4 


4.5. 


4.6 


Ways add 


o2u3 
2.4 - 


e ae) he 
°2.6 - 


3 
3 
T 
3.3.1 - 


3.062) 
Oe deg= 
3.3.4 


Caine Jet. Maxdmume Vie) OCI t ae rernea 2 8 0 
Ceiling Jet Maximum Temperature ....... 
3.2.2.1 - Ceiling Jet Froude Number ... 
3.2.2.2 - Radiation Heat Loss by the 
COL VING Mie ce teeta ee eee Ne Foes 5 
VEPEGATBORTGID Sutee cc setestere's Behe Vale's «0 om 
Ceiling Jet Characteristic Thickness .. 
3.2.4.1 - 8\ymax in Transient Ceiling Jet 
3.2.4.2 - Ceiling Jet Characteristic 
Momentum Thickness, Ry weeees 
3.2.4.3 - Thermal Boundary Layer 
TECK INE S'S mtateletetcteheleisieiere’s siete sisic 
3.2.4.4 - Ceiling Jet Characteristic 
Thermal PIN CKness ky. 3 
CEVNINGPIEURVELOGI TY PCORIl1 GS. .s0.6 055s 
Steady State Temperature Profiles ..... 


PANS TEN GICe WIINGRUGCCEGNAhaGUCIn1 Sc 1GSmes cals pce s 


Extent of Transient Behavior of the 
Ceiling Jet and Development of 
Lemperatunres PrOTIM CSeW1 Ch aliMei... osc’. : 
Variation of &7 A WIth SiMe = see. ess 
Variation of AT, WITH TIME wecceeeeee 
Variation in 2&7 atth Respect to Time .. 


Numerical Analysis of Ceiling Jet Flow Using 
Turbulent 2-D Continuity and Energy Equations ... 


GONSERVa UIlOMeO MREIIE KO Vianeerecs siete 6 sie 6 e/cle c 4.0 es are crete 


CONSeRVaTAONEG fama SSaetc occ aioe s ataleletcc'o « 4\e.0 sta etets 


Favre Averaging @eeeeseeooeveeveeeeeeeeeeeseeeeoeoesesene ee @ 


TMIGDUET Omm OWP GOVERN INGRECUGIETORSIt. «ccs cc e's cc's 


Turbulent Eddy Viscosity and Closure of 
the Energy Equation eeeoeeevoevoeoseeoeoeoeoeeos es ee ee 6 eee @ 


NUME RT Ca mMOLN GOS ane LD Oliia iilimeerststsrctetstslele els e.ul eve 6 0.6 


4.601 - 
4.6.2 - 


DiS Che CI ZeCORCOUAELONSis ce elect ctsicis sls <6 6's 
iMeESBOUNGdEVZCONG LUTON Sule. cc slcls c ccisis c's s 
4.6.2.1 - Estimate of the Inlet 
Boundary Temperature of the 
Ceiling Jet from the Plume 
TEMPE LALUPEEPLOimilGres «sce « « 
4.6.2.2 - Solid Boundary Conditions, 
CET JINOGEGCOME LIVitee sine. so «c a'e 


SL bt 


90 


169 


4.6.2.3 - Algorithm to Solve for the 
Cen sLigusremperacur Cuts sss 0.6 «s/s 


Chapter 5 - Numerically Predicted Ceiling Jet Temperature 


Profiles: Comparison with the Experimental Data . 


5.1 - Comparison of the Numerical Prediction with 


the Experimental Data eeeeoeaoevoeveseeoeeeeeeeeee see @ 


Chapter 6 - Conclusions @eeseeoeevoevee@eseeooeoeseeeeeseeeeseeeeeeeoeeee eee © @ 


Appendixes eeoee@eeoeveeeeseeeeewaeesoeoeeweseeeveeeeooeeeeeeeeeeeeoeeseee ee &@ & 


References 


172 


174 


175 
188 
toy 
300 


Table 1-1] 
Table 2-1 


Table 2-2 


LIST OF TABLES 


Page 
Explanation of symbols used by Alpert (1971) ....... 12 
Thermocouple calibration results. Individual ...... 47 
thermocouple pair velocity measurement vs. 
pitot tube velocity measurements at the 
calibrator centerline. 
Non-dimensional fire strengths used to produce ..... 50 


the ceiling jet studies. 


XV 


Figure 


Figure 


Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


cls 


atzZ 


LIST OF FIGURES 


Schematic of plume and ceiling jet flow for ....... 


an unconfined ceiling 


Ceiling jet characteristic thickness from Alpert ... 


(1971) 


Ceiling jet characteristic thickness .............. | 
Schematic of the experimental apparatus ........... 
Thermocouples probe schematic ....2..-. 1c. ee 
The: probe.Stand 2.) Sis en 5 cee eee ee ee 
Schematic of the data acquisition system .......... 
Principles of cross-correlation velocimetry ....... 
Hypothetical sinusoidal thermocouple outputs ...... 


Effect of probe orientation on velocimetry, ....... 


effect of thermocouple bead size 


Effect of thermocouple probe reversal on .......... 


velocity measurement 


Thermocouple probe velocity verification device .... 


Comparison of velocity measurements: .............. 


pipe flow velocity measurement using 
pitot tube and thermocouple probe 


Ceiling jet symmetry check, velocity measurement ... 


Ceiling jet symmetry check, temperature ........... 


measurement 


Effect of thermocouple probe spacing on velocity ... 


measurement 


xvi 


Page 


13 


14 


15 
57 
58 
99 
60 
61 
62 
63 


64 


65 


66 


67 


68 


69 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 
Figure 


Figure 


es 


2% 


35 


Bie 


13 


l4a 


.14b 


4a 


4b 


.4c 


o1U 


Effect of thermocouple probe spacing on degree ..... 
of correlation 


Variation of velocity profiles with time ........... 
2 kW fire at r/H=0.26 


Variation of velocity profiles with time ........... 
2 kW fire at r/H=0.5 


Variation of ceiling jet maximum velocity ...... nea. 
with time 


Schematic of ceiling jet and its characteristic .... 
parameters 


Non-dimensionalized ceiling jet maximum velocity ... 
Comparison of empirical equations of ceiling jet ... 
maximum velocity from Alpert, Cooper and 

Heskestad and Delichatsios 


Non-dimensionalized ceiling jet temperature ........ 
profiles 


Non-dimensionalized ceiling jet temperature ........ 
profiles 


Non-dimensionalized ceiling jet temperature ........ 
profiles 


Normalized temperature profiles, t = 16 minutes .... 


Non-dimensionalized velocity profiles at ........... 
r/H = 1.0 for H = 1.0m and 0.5m 


Non-dimensionalized ceiling jet maximum ............ 
temperature 


Compayisona0.meemo) wacaimequallONS@ sn smiles ss 
Froude number effect on flow regime ................ 


Estimate of Variation of Fr = 1/R- of the .......:.. 
ceiling jet 


xvil 


103 


104 
105 


106 


107 


109 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


3p 


ad 
12 


1S 


.14 
aie 


LO 


ai 


218 


“A ee) 


20 


gt 


OL 


aft 


24 


tas) 


Correlation of plume centerline temperatures ....... 135 


Linear fit y = b + mx to the virtual origin of ..... 116 
plumes produced by premixed flames 

Data and empirical fit of ceiling jet momentum ..... Ly 
boundary layer 

Comparison of empirical equations .................. 118 
Variation of ceiling jet momentum boundary layer ... 119 
with time 

Data and empirical fit of ceiling jet Gaussian ..... 120 
momentum thickness 

Data and empirical fit of ceiling jet thermal ...... VZa 
boundary layer 

Data and empirical fit of ceiling jet thermal ...... NAPs 
thickness 

Comparison of empirical fits and models for ........ tzZs 


ceiling jet characteristic thicknesses 


Steady-state normalized velocity profiles, ......... 124 
0.205 r/Hus 2.0 


Steady-state normalized velocity profiles, ......... 125 
OF 2026 C/E sau 5 


Steady-state normalized velocity profiles, ......... 126 
O20 se) / Has Garo 


Steady-state normalized velocity profiles, ......... 127 
WAT or hoa nay A 


Normalized velocity profiles at steady-state, ...... 128 
variance = 0.101 


Residuals between velocity data and ................ 129 
empirical fit 


xviii 


Figure 


Figure 
Figure 
Figure 


Figure 


Figure 


Figure 


Figure 


Figure 
Figure 


Figure 


Figure 


Figure 


Figure 


3 


3 


3 


26 


a 


.28 


fhe) 


-oU 
ol 


noc 


oo 
34 


a0 


0 
oo, 


736 


se) 


Comparison of data and empirical equations ......... 130 
of author with data of Alpert (1971) and 

Cooper’s model (1986), 

Fire strength, Q, of 2.0 KW 


Normalized temperature profiles - all r/H.......... 131 
locations, H = 1.0 m and 0.5 m 

Normalized temperature profiles - all r/H.......... 132 
locations, H = 1.0 m and 0.5 m 

Normalized temperature SLRebemeke cP CMM) So7Ath east else 133 
locations, H = 1m andH=0.5m 

Empirical fit to normalized temperature profiles ... 134 
Residuals between the temperature data and the ..... 135 


empirical fit 


Comparison of steady-state normalized .............. 136 
temperature profiles with date of 
You and Faeth (1978) 


Temperature profiles variation with time ........... 137 
Variation of ceiling jet temperature ............... 138 
with time as the jet moves radially outward 

at various r/H locations 

Variation of ceiling jet temperature with time ..... 139 
as the jet moves radially outward at various 

r/H locations 

An expanded view of the plot of figure 3.35 ........ 140 
Variation of ceiling jet temperature with time ..... 14] 
as the jet moves radially outward at various 

r/H locations 


Non-dimensional ceiling jet temperature ............ 142 
variation with time for different fire strengths é 


Non-dimensionalized ceiling jet temperature ........ 143 
variation with time for different fire strengths 


ix 


Figure 


Figure 


Figure 


Figure 
Figure 


Figure 
Figure 
Figure 
Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


Ge 


> SP - 


40 


41 


42 


43 


44 


Non-dimensionalized ceiling jet temperature ........ 144 
variation with time for different fire strengths 
Q=0.75, 1.0 and 2.0 kW 


Non-dimensionalized ceiling jet temperature ........ 145 
variation with time for different fire strengths 
Q=1.0 and 2.0 kW 


Non-dimensionalized ceiling jet temperature ........ 146 
variation with time for different fire strengths 
Q=0.75, 1.0 and 2.0 kW 


Variation of normalized thermal boundary layer ..... 147 
with time 

Variation of normalized transient temperature ...... 148 
with respect to time 

Infinitesimal’control volumes. 9.9.ue 21... eee 15] 
Grid used forngnumerical, calculations ....5)..2 230m 161 
Impingement zone and turning region ................ 166 
Ceiling boundary heat transfer model ............... 169 
Comparison of numerical results vs. ..............- 178 


empirical data 


Development of ceiling jet temperature ............. 179 
profiles in radial direction, 
numerical versus experimental 


Comparison of numerical results vs. ..............- 180 
empirical data 


Development of temperature profiles in ............. 181 
radial direction. 
Numerical prediction and experimental data 


Comparison of numerical results vs. ....... 5 ae 182 
empirical data 


xX 


Figure 


Figure 


Figure 


Figure 


Figure 


5.6 


aya 


5.8 


Og 


5.10 


Comparison sOfanumericdl TesuluSavS i were. 2 la. 183 
empirical data 


Comparison of numerical results vs. .............2- 184 
empirical data 


Comparison of numerical results vs. ............... 185 
empirical data 


Comparison of numerical results vs. ............... 186 
empirical data 


Variation of temperature profiles with time at ..... 187 
various r/H locations 


xxi 


NOMENCLATURE 


Heat capacity 

Specific heat at constant pressure 
Distance separating a thermocouple pair 
Ceiling thickness 

Froude number 

Frequency, Hz 

Gravitational acceleration 

Convective heat transfer coefficeint 
Height of ceiling above burner 

Thermal Conductivity 

Gaussian thickness, also used to denote length scale 


Distance from the ceiling where V/Vmax=1/e, Gaussian momentum 
thickness 


Distance from the ceiling where AT/ATmay=1/e, Gaussian thermal 
thickness 


Number of data points corresponding to a given time shift 
Number of data points in a temperature-time record 

Data point index 

Pressure 

Prandtl] number 

Effective Prandtl number 

Turbulent Prandtl number 

Heat source strength, (KW) 

Radiative heat transfer 

Normalized form of Q, Q/(PambCpTamb gi/2 ys/2) 


Gas constant 


Poe ah 


Rey 
Ri 


Plume Reynolds number 


Richardson number 


_Cross-correlation function 


Radial distance from stagnation point of plume on ceiling 
Time 

Sampling time 

Temperature 

Ambient temperature of the surrounding air 
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Chapter 1.0 - INTRODUCTION 


In any fire scenario, early detection and suppression of fire is 
essential to avoid loss of life and reduce material damage. Understand- 
ing development of fires and their behavior is an essential part of 
fire protection science. Although, great strides have been made toward 
understanding fires in the past few decades, there remain many areas of 
fire research in need of further investigation. One of these areas is 
early detection of fire. Hence, understanding the development of fire 
induced flows in enclosures in the early stages of fire growth is Cru- 
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Most residential, industrial or transportation related fires occur 
IW ClOsedwarecas. and Catastrophic shires usually™lead toeloss of lite. 
Forest fires and alike, although as undesirable, are treated as a 
separate class of fires. Fires in warehouses, hotels, residential 
buildings, ships, airplanes, etc. normally start in an enclosed struc- 
ture or a compartment. Study of fires in compartments have been used as 
a general case which can be applied to any of the above stated 


situations. 
1.1 - Description of the problem 


In a compartment, hot gases from the fire rise vertically in a plume 
due to buoyancy. The plume, upon impingement on the ceiling, turns and 
flows parallel to the ceiling and away from the fire source. The 


resulting flow forms a jet layer beneath the ceiling driven by the 


buoyancy of the hot combustion products. This flow is defined as the 
ceiling jet and is shown in Figure 1-1. As the ceiling jet flows from 
the impingement zone it entrains room air and grows in renee The 
ceiling jet cools, as it moves, due to mixing with the room air and heat 
transfer to the ceiling. Once the ceiling jet reaches the surrounding 
walls of the compartment it turns downward and begins to form an upper 
layer of hot gases. The ceiling jet near the impingement zone contains 
the important information about the fire, i.e. heat and velocity, and it 


is in this region that the detectors and sprinklers need to operate pro- 


perly. 


Early detection and suppression of fires are directly dependent on 
understanding the rise of the fire plume, behavior of the ceiling jet 
and the formation of an upper layer. Experimental studies of ceiling 
jets have considered both unconfined and confined ceilings (Zukoski, et. 
aN el DESI AST Net Many studies have also been conducted on fire plumes 
(George, et. al., 1977, McCaffrey, 1979, Heskestad, 1981, Kung and 
Stavrianidis, 1983). In the case of unconfined ceilings, it is assumed 
that the walls of the compartment are sufficiently far away that the 
wall effects are not important. This also allows the study of the 
ceiling jet as a singular phenomenon near the plume impingement and an 


absence of any interference from the upper layer. 
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In a real fire situation, as fire grows, the plume and the ceiling 


jet are continuously changing with time due to the changes at the fire 


source. Characterizing the ceiling jet is essential since most fire 
detection and suppression devices are designed to operate within the 
ceiling jet. To focus on the ceiling jet behavior, the fire source is 
kept constant. Therefore, the transience of the ceiling jet is governed 
solely by the heating of the ceiling. While the plume, induced by a 
steady fire, reaches steady state conditions in a matter of seconds, the 
ceiling jet characteristics will change as long as the ceiling has not 


reached steady state conditions. 


This study iS mainly concerned with the transient and steady state 
Characteristics of unconfined ceiling jets. Transient characteristics 
are studied because it is important that fire detection and suppression 
devices operate shortly after the start of the fire, when the ceiling 
jet characteristics are changing rapidly with time. Furthermore, uncon- 
fined ceiling jets permit the study of the characteristics in absence of 
an iOuseuppenmayens, his consideration is significant. since in early 
times in the fire, there is insufficient time for the hot upper layer to 
become fully formed. The ceiling jet is studied using detailed tem- 
perature and velocity measurements as a function of time and radial 
distance, measured from the point of impingement of the fire plume on 
the ceiling. The results from this study are used to develop empirical 
relations that define the ceiling jet flow. Furthermore, the results 
can be used to aid in developing and verifying compartment fire models 


and to improve design and placement of heat detectors and sprinklers. 


1.2 - From Fire to the Ceiling Jet 
1.2.1 - Fire Plumes 


Plumes generated from fires have been studied extensively since 
1940's. The work of G.I. Taylor in the area of turbulent flows and 
buoyant plumes constitutes the basis for later investigations of fire 
plumes. The introduction of the virtual origin concept, where flow 
conceptually propagates from a point source of heat, has proven to be 
remarkably useful and effective. This concept, was described in works 
by Rouse et. al. (1952) and Morton et. al. (1956). They analysed the 
turbulent flow in a plume by assuming that it originated from a point 
source. This led to solutions correlating temperatures, velocities and 
mass flow rates of the hot gases above a flame. In treating a firecacecd 
point source of heat, the behavior of plume becomes independent of fuel 
type and source geometry. The result has been experimentally confirmed 
by many investigators. These findings were significant since they made 


it possible for small scale experiments to model real fires. 


Laminar thermal plumes in a uniform environment have been analyzed 
by Gutman (1949) and Yih (1951, 1952). Yih has shown experimentally 
that such laminar flow is unstable close to the source for all but the 
weakest sources. The work of Morton et. al. (1956) was based on the 
assumption of weakly-buoyant plumes. Weakly-buoyant plume being defined 
as a plume with small density defect compared to the surrounding den- 
SVEYs The plume relations were later extended by Morton (1959) to 


strongly-buoyant plumes. In both cases, and for all realistic fires, 
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the plume will be fully turbulent except for small fire sources where 
regions of the flames may be considered laminar (Heskestad, 1983). 
Thus, it can reasonably be assumed that fire induced plumes, even from 
small fire sources, will generally be turbulent beyond the flaming 


region. 


A point above a fire source where the plume becomes buoyancy domi- 
nated can be determined using Froude number analysis as shown by Veldman 
G@lod). (19/5). er OLemost, laboratory, scale experiments, this» paint, is 
only a few burner diameters above the source. This type of reasoning 
and experimental work by Thompson (1964), Miller (1962) and Alpert 
(1974) has shown that large-scale realistic fires can reasonably be 
modeled using small-scale fires properly scaled from dimensional analy- 


Sis of the equations governing the flow. 


1.2.2 - Scaling 


Different approaches to experimental fire modeling using Froude 
modeling, analog modeling (such as salt-water modeling) and pressure 
modeling have been used (Quintiere, 1988). Studies performed by many 
investigators such as Alpert, Veldman, Zukoski, Quintiere, McCaffrey, 
Steckler, Heskestad (see the references) and others have shown that 
small-scale modeling of large real fires iS possible. These studies 
have been performed for corridor flows, ceiling jets and plumes using 
small fires or salt water modelling. The scaling is based on the con- 


vective heat release rate, Q, the height above the virtual source, or 
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simply the height above the fire source (when virtual origin can be 
determined accurately), source effective diameter and any other relevant 


parameter needed in order to preserve the source or plume Froude number. 


1.3 - Ceiling Jet 


Although fire plumes have been studied extensively, once the plume 
impinges on a ceiling and turns to form a ceiling jet, the flow behavior 
becomes relatively complicated. The turning region is more difficult to 
model than the plume. Experimental investigation of this region is also 
difficult due to the turning of the flow. In the case of a plume 
impinging on a horizontal smooth ceiling, the simplest case, heat 
transfer in the impingement zone, flow velocity and temperature have 
been studied but their interrelationship is not as well understood as 
the plume flow. Once the flow originating from the plume turns and 
forms a ceiling layer, it can also be considerd as a wall-jet. This 
provided the theoretical basis for the development of isothermal, lami- 
nar (Glauert, 1956) and turbulent wall-jets (Poreh, et. al., 1967). 
Although, isothermal wall-jet investigations are useful in ceiling jet 
Studies, heat transfer from the ceiling jet is ignored. Cooper (1987a) 
Nasmatremptedritoguse <Poreh tets iyals kseeresubtsisands:extend:,itaito the 
ceiling jet flow with some success. Insufficient ceiling jet velocity 
data, however, has limited verification of any ceiling jet model. One 
useful piece of information from the wall-jet studies has been the 
determination that a similarity solution is not likely to hold for wall- 
jets (Lai, 1985). This is mainly due to the existence of an inner-wal] 
region where the eddy viscosity is proportional to Re?/* and an outer 
region where the eddy viscosity is proportional to Re (Lai, 1985). This 
type of characterization may be expandable to the fire-induced ceiling 


jet flow. The wall-jet studies also established important parameters of 


jnterest that characterize the jet such as maximum velocity, inner-wal] 
region length scale (i.e. from the ceiling to the point of maximum velo- 
city) and total jet thickness. In addition, for the celling jetaricw 
the maximum temperature rise above the ambient and thickness of the 
thermal layer would be needed to characterize the ceiling jet. The 
thermal layer is being defined here as the flow region from the ceiling 


to the point of maximum temperature. 


1.3.1 Previous Work Related to Unconfined Ceiling Jets 


Many investigators have produced useful correlations to characterize 
the ceiling jet by estimating the maximum velocity and temperature, the 
location of the maximum values and models to predict the shape of velo- 
city and temperature profiles. Beyler (1986) has compiled and compared 
an extensive list of correlations for buoyant plumes, flame heights and 
ceiling jet parameters. The comparisons clearly demonstrate the need 
for further investigation of the ceiling jet characteristics since the 
agreement between the empirical models presented is not always as good 
as desired. The need is particularly evident in developing correlations 
and models for the transient ceiling jet conditions, since, so far, all 
the correlations have only utilized steady-state ceiling conditions. It 
is obvious that steady state measurements may not be adequate to model 
the ceiling jet phenomenon in the early stages of fire. Furthermore, 
very little work has been done in the ceiling jetaroetty measurement, 
which is important in convective heat transfer coefficient calculations 


and optimizing sprinkler and detector designs. 
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Alpert (1971) obtained steady-state measurements for unconfined 
ceiling *jets, under -uninsulated” ceilings “for “r/H’< "2. °" Small fires in 
the range of 0.1-0.6 KW were produced from different fuels. He defined 
small fires as those having flame zones much less than the ceiling 
height and with source diameters much less than plume diameter (e.g. 
less than 10% of the height and plume diameter respectively). In 
Alpert's investigation, the ceiling height was varied between 0.3 to 0.9 
m. Alpert also conducted large-scale experiments and found them to be 
in good agreement with the small-scale results. Steady state velocity 
was measured uSing hot-wires, which are thought to be unreliable in the 
highly non-isothermal ceiling jet flow due to the existence of large 
eddy structures. Although, the combined velocity and temperature data 
seem to correlate reasonably well, individual velocity profiles show 
considerable scatter. Furthermore, other characteristic parameters, 
such as the Gaussian ceiling jet thicknesses 2y and 27 (see nomenclature 
for definition) show very bittie correlation, Figqucessl.2 and l.3 (lable 
1-1, page 12, explains the symbols of Figures 1.2 and 1.3). Alpert's 
data is limited by the velocity measurement and the limited number of 
data points obtained. Some very useful conclusions, however, have been 
drawn from his work. It shows that the turbulence of the ceiling jet 
become suppressed with increase in the Richardson number, Ri, at large 
r/H locations. This coincides with buoyancy becoming important at large 
r/H locations. The ceiling jet flow integral analysis developed by 
Alpert seem to have a reasonable agreement with his data . Alpert's 


analytical solution also predicts that the ceiling heat transfer has no 


significant effect on the ceiling jet velocity. Alpert also compared 
the maximum velocity to that which would be obtained from a Gaussian 
profile and found that the Gaussian profile yielded values that were 


substantially higher. 


Veldman, et. al. (1975) made measurements of the transient ceiling 
and ceiling jet temperatures for a small, unconfined ceiling exposed to 
the plume from a small propane flame. The ceiling was made of steel and 
had a thickness of 0.6 mm (1/16 inch). It was insulated on top with a 
thick layer of fiberglass insulation. All measurements were for 
r/H < 0.9, and so were in the region for which buoyancy effects were 
negligible. Veldman, et. al. assumed that the temperature measured at 
the closest point to the ceiling constituted an adiabatic ceiling tem- 
perature. The spacing between points of temperature measurements was 
not very good and no velocity measurements were obtained. This work, 
however, added some more data for the ceiling jet studies, especially 
the transient temperature measurements, and reported general agreement 


with Alpert's analytical model. 


You and Faeth (1978) used a methanol fire of about 0.25 KW and a 
ceiling height of 0.695 me Their ceiling jet measurements were limited 
to steady state and only at two r/H locations of 0.292 and 0.366. A 
Square copper plate of 9.5 mm thickness was used as a ceiling for this 
work. You and Faeth produced very detailed temperature measurements and 
drew the following conclusions. They concluded that the theory, put 


forward by Alpert, generally underestimated the measured maximum tem- 
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perature by about 20%. The theory also underestimated the thickness of 


the ceiling jet. 


Other studies of ceiling jet flows such as that by Heskestad and 
Hamada (1984) are devoted to large-scale fire tests and are not reviewed 


here extensively. 


Alpert (1971), Veldman, et al. (1975), You and Faeth (1978) and 
Zukoski, et al. (1975), have used metal ceilings such as copper, alumi- 
num or steel with the exception of Marinite used for some experiments. 
Since some of these ceilings were insulated and some uninsulated, com- 
parison of the data and development of analytical models is difficult. 
Lack of insulation adds to the problem of heat transfer through the back 
eurvace of the ceiling and ceiling materials having high conductivity 
complicate matters due to radial conduction. In past studies, the 
emissivity of the ceilings used were unknown, thus adding an uncertainty 
to the meaning of the results. In the work presented here, the choice 
of ceiling material, insulation of the back surface and a known ceiling 
surface emissivity have been utilized to control the effect of radial 


conduction, back-plane heat transfer and re-radiation from the ceiling. 


In general, the work reported here is unique in many aspects. The 
extent of data collection and the complete and detailed temperature and 
velocity profiles obtained for small scale unconfined ceiling jets have 
not been produced in other works. Specifically, previous investigators 
have not made transient velocity measurements and the transient tem- 
perature measurements of Veldman, et al. (1975) have not been as exten- 


Sive as those produced in this work. 
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Table 1-1: Explanation of the symbols used by Alpert (1971) 


Symbol | Ceilin | Heat Source 


Marinite Electric air-heater 
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Ethanol pool-fire 


Aluminium 
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Fig. 1.2 - Ceiling jet characteristic thickness from Alpert (1971) 
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Fig. 1.3 - Ceiling jet characteristic thickness from Alpert (1971) 
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Chapter 2.0 - EXPERIMENTAL METHOD 


Ideally, to characterize the ceiling jet accurately, the physical 
parameters defining the flow such as temperature, velocity and pressure 
must be measured at each point in the flow field. Since the flow 
discussed here is highly turbulent, multi-dimensional turbulent measure- 
ments would be needed to enable a true understanding of the flow beha- 
vior. The type of measurements described above would be very difficult 


and have not been attempted thus far. 


For the purpose of obtaining practical results useful in understand- 
ing ceiling jet behavior, it may be sufficient at this time, to measure 
the mean velocity and temperature profiles of the flow. In doing so, 
the following general characteristics of the flow and the aim of the 


measurements must be kept in mind: 


- The ceiling jet is a highly turbulent and non-isothermal flow 


with large eddy structures 


- The ceiling's transient thermal characteristics causes transient 


conditions in the flow 


~ An attempt to form an understanding of the ceiling jet 
requires simultaneous measurement of the time-averaged velocity 


and temperature. 


Since the ceiling jet is highly non-isothermal with velocities as low as 


0.1 m/s, conventional anemometry (using pitot tubes or hot wires) is 
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very difficult. Furthermore, since the flows' transient characteristics 
are being studied, measurements using a single sensor would not be 
possible. Flow temperature and velocity have to be measured simulta- 
neously and nearly continually with an array of sensors so that complete 
temperature and velocity profiles can be obtained as a function of time, 


starting with the time of fire ignition. 


An approach to reach the above-described aim was suggested by Dr. 
Bernard McCaffrey of the University of Maryland (formerly of the Center 
for Fire Research, National Institute of Standards and Technology). He 
suggested the use of a technique put forward by G. Cox (1976,1977,1980). 
This method employs the temperature of fluid particles as a tracer and 
obtains the velocity of fluid particles via cross-correlation of the 
temperature-time records of a thermocouple pair. This technique, 
expanded here beyond Cox's work, is explained in detail in a later 
segment. By using an array of sensor pairs stacked vertically below the 
ceiling, flow velocity and temperature can be determined as a function 
of distance from the ceiling at a given radial location. For turbulent 
flows, velocity and temperature of the flow fluctuates with time even if 
the flow is steady, i.e. when the time-averaged velocity is constant. 
Thus, it is necessary to average the measured properties to obtain mean 
flow values over some time period. This is only valid since the ceiling 
jet behavior is quasi-steady. The averaging of these values must be 
done over a time period long enough that a true mean value is obtained. 
Hence, the time over which the measured temperature and velocities are 


averaged must be long compared to a characteristic time scale of tur- 
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bulence. Therefore, the lower limit of time-averaged record length may 
be the time-scale of turbulence and the upper limit may be the time- 
scale of the transience of the flow properties. This would ensure that 
the mean values obtained over the averaging period would be nearly the 


actual values. 
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2.1 - Experiment Set up 


The experiment setup is shown in Figure 2.1. It consists of a pre- 
mixed methane-air burner whose outlet was leveled with an artificial 
floor which could be raised or lowered, an insulated ceiling, the probe, 
and the data acquisition system. All of the apparatus, except for the 
data acquisition and processing system, was enclosed in a cage whose 
walls consist of two layers of window screen separated 8.89 cm by 
appropriate wooden frames. The purpose of the screened walls was to 
diminish the affects of room drafts. Except for the probe and the data 
acquisition and processing system, the experimental setup was almost 


entirely the same as that used by Woodhouse and Marks (1985). 
fan. a Burner 


The burner from the work of Woodhouse and Marks (1985) was used 
here. Based on the experience of Veldman, et. al. (1975), a premixed 
methane-air burner was chosen as the heat source. The burner was made 
by welding a seal on one end of a 2.7 cm diameter steel pipe and tapping 
a fitting into the side near the base through which the air/fuel mixture 
would be fed. The burner was filled with stainless-steel wool and 
capped with an 0.476 cm thick brass grid (1.6 mm square grids). The 
diameter of the burner was chosen based on the heat source strength 
requirements of up to 2 killowatts and the limitations on the gas exit 
velocity, which needed to be sufficiently large to eliminate problems 
with flashback, yet had to be kept low enough to minimize the initial 


momentum of the exit gases. The described burner yielded an unburned 
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gas exit velocity in the range of 0.27 to 1.08 m/s for stoichiometric 


air/fuel ratios for fire strengthes of 0.5 to 2.0 KW. 


The fire was produced by burning stoichiometric proportions of 
methane premixed with air. The fire strengths were calculated using a 
published heating value for methane, 49.997 MJ/kg (NAMCO, 1978), and 
stoichiometric air/fuel ratio, Ali) % Geo. Breathing quality air 
and CP grade methane (99.5% pure) were metered with rotometers and com- 
bined prior to entering the burner. The fuel and air rotometers had a 


capacity of 0.1 and 0.8 2/s respectively and were calibrated using a dry 


gas meter and a stopwatch. 


Pier re Ceiling 


A large ceiling, 2.13 m in diameter and 1.27 cm thick, constructed 
from a fiberboard type material was used for the experiments. The sur- 
face of the ceiling was painted with an ultra-flat black paint to 
achieve a stable and known emissivity of about 0.9 (Woodhouse and Marks, 
1985). In addition to emissivity, Woodhouse and Marks reported the con- 
ductivity and density of the fiberboard as 0.047 W/m°K and 272 Kg/m° 
respectively. The fiberboard ceiling was chosen for these experiments 
because of its larger size among the available ceilings and because of 
its insulating property. The ceiling was insulated on the top using an 
8.26 cm thick layer of standard fiberglass insulating material (R-11). 
Thus, an adiabatic ceiling was simulated quite closely. To measure the 
ceiling temperature variation with time, 0.254 mm (0.010") dia. K-type 


thermocouples were placed flush with the lower surface of the ceiling at 
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r/H locations at which measurements would be made. These thermocouples 
were connected to a reference junction and then connected to a chart 
recorder to provide a continuous temperature-time record of the ceiling 


temperature at the r/H location of interest during each run. 


2.1.3 - The Velocity and Temperature Probe 


The probe was designed to provide the minimum possible interference 
Wren the= ceiling jet. ia “COTISISUS "Of ¥ Oo" pdins *OT sUeoul dia. type E 
(chromel-constantan) thermocouples stretched between vertical supports 
as shown in Figure 2.2. This type of thermocouple has a high sen- 
sitivity and the small bead size (approximately 3 wire diameters) provi- 
des a small response time. The time constant of the thermocouples based 
On a steady-flow convective heat transfer coefficient of about 500 
W/m?°K, estimated for a flow velocity of 0.5 m/s, is calculated to be in 
the order of 0.1 second. The thermocouples were stretched through small 
holes drilled in the support arms at the following locations measured 
PEC PECOUMe HELGE SUDDCIC sme le lo. woels Sse Soe oe OL0, Uae oe d a loet, 
and 50.8 millimeters. The thermocouple beads were positioned at the 
mid-point between the holder arms and aligned one behind the other to an 
accuracy of 0.4 mm (1/64 inch). The ceiling jet flow passed between 
these arms, which were about 11.5 cm apart. This distance is sufficient 
for the arms not to disturb the flow about the beads considering the 
turbulent boundary layer thickness of about 0.32 cm that could develop 
on the probe supports. The estimate of the boundary layer thickness was 


made using the relations developed for the layer thickness in turbulent 
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flow (Schlichting, 1979). The support arms were constructed from sili- 
con glass material. This material is non-conductive and has a working 
temperature of 200°C. The probe support arms were extended vertically 
upward from their base a distance of 30.4 cm (12 inches); they were 3.81 
cm (1.5 inches) wide and 0.32 cm (1/8 inch) thick. Their forward and 
rearward edges were well rounded to reduce flow disturbance. The fine 
thermocouple wires were stretched at the back of the supports and con- 
nected to insulated E-type extension wires (0.010" dia.). Each support 
could be moved independently and the minimum spacing between ther- 


mocouple pairs could be set to 0.32 cm (1/8 inch). 


The thermocouple leads connected to insulated E-type extension wires 
were then connected to 24 gage insulated shielded E-type extension 
wires. The extension wires were brought to a reference "box" outside 
the apparatus. This was simply a set of connecting terminals insulated 
by standard glass wool insulation material. The insulation ensured that 
all of the terminals were at the same temperature where the extension 
wires were connected to shielded copper wires. The connecting terminals 
also acted as the "reference junction" for the thermocouples. The abso- 
lute temperature of the junctions was monitored by two separate ther- 
mocouples at two different locations within the box. These, K-type, 
thermocouples were connected to a digital thermometer with a built-in 
cold junction compensator in order to determine the absolute temperature 


of the probe thermocouples' reference junction. 


The probe was held in place by a stand as shown in Figure 2.3. The 


probe stand had 2 arms that extended under the ceiling. These arms held 
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the vertical supports of the probe, which slide in the stand arms. The 
arms could be adjusted to any height under the ceiling. Sliding the 
supports produced the desired horizontal (radial) positions. The probe 
stand, as a unit, could be moved to any location within the apparatus, 
and thus a 3-dimensional positioning of the thermocouples under the 


ceiling was attained. 
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2.2 - Data Acquisition System 


The data acquisition system consisted of a 16 channel 3B40 series 
Analog Devices signal conditioning system (16 channel amplifier), a 
HP6942A multiprogrammer for data collection, and a HP 9000 series 300 
computer to control the multiprogrammer and perform the data processing 


(Figure 2.4). 


Voltage signals from the thermocouples were amplified by the 
16-channel amplifier before being sent into the multiprogrammer. The 
multiprogrammer scanned the amplified voltages and stored the data in 
its onboard memory in digital form (64K-word Storage capacity, 1 word=2 
bytes) before transferring them intermittently to the computer at a rate 
of about 33 kHz. The data were then stored on a mass storage computer 
disk. The digitized voltage data were processed by the computer using 
software developed for determining velocity and temperature values after 
the data collection was completed. The results of the data processing, 
j.e. temperatures and velocities, were stored on a disk. Details ofethe 


process and the capabilities of the equipment are as follows: 


As described, the Analog Devices amplifier was used to amplify the 
thermocouple signals to suitable levels required by the multiprogranmer. 
The amplifier had 16 individual modules, each with a programmable gain, 
an input range of + 10mV and an Output range of +10V. All the modules 
were calibrated using a Digitec HT series 3110 precision voltage device 
which produced the mV input for calibration. An amplification gain of 


850 for every amplifier module was accurately set to within 0.005% after 
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the calibration and the output zero offset was adjusted to within 1 mV 


for a shorted input. 


The multiprogrammer had a 16 single-ended channel FET scanner card 
with its associated scan control pacer card and was expandable to 1024 
Channels using additional cards and multiprogrammer extension boxes. A 
500 kHz Analog to Digital converter in the multiprogrammer allowed up to 
a 500 kHz sampling rate, but this speed was limited by the scanning rate 
of 100 kHz of the FET scanner card. In order to collect data at high 
speeds, a 64k word memory card was used in the multiprogrammer to store 
the data as fast as they were collected for later transfer to the com- 
puter. All of these cards were hard wired for this particular applica- 
tion. Consequently, 64,000 data points could be collected at an overall) 
sampling rate of up to 100 KHz from 16 single-ended channels sequen- 
tially. More data could be collected as soon as memory became available 


in the multiprogrammer by transferring the data to the computer. 


The multiprogrammer activities were controlled by the computer. To 
be able to reach this end in a simple and versatile manner, a 
Computer-Aided Test (CAT) programming package (HP 14752A) was used to 
control the multiprogrammer functions. Extensive software, however, had 
to be developed in-house to use this CAT program and to set up the data 
acquisition process. The developed software enabled data collection and 


transfer to the computer at selected time intervals. 
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2.3 - Velocity and Temperature Measurements 


The experimental program for the study of the transient charac- 
teristics of the ceiling jet flow was predominantly based on obtaining 
Simultaneous temperature and velocity profiles of the jet from the time 
the fire was started until the steady state ceiling condition was 
attained. This aim required the technique selected for the measurements 
to provide multi-point velocity and temperature data. The desired tech- 
nique had to be as non-disruptive to the flow as possible and be 
suitable for measurements in the low-speed and highly non-isothermal 
flow regime of the ceiling jet. These considerations limit the number 
of measurement techniques that can be used successfully. The following 
techniques can be considered for velocity and temperature measurements 


in this type flow: 
Temperature measurements 


- Thermocouples 
- Laser measurement techniques 


- Resistance thermometers or thermistors 
Velocity measurements 


- Pitot-static tubes 
- Hot-wire 


.- Laser Doppler Velocimetry (LDV) 


Since simultaneous and multi-point measurements were desired, none 


of the above techniques could easily provide both velocity and tem- 
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perature measurements. Many investigators have used a combination of 
pitot tube and thermocouples for the velocity and temperature measure- 
ments primarily in steady flows. This approach would not be suitable 
since measurement of flow velocities less than 0.5 m/s are difficult and 
unreliable using pitot-static tubes. Low-velocity measurements with 
pitot tubes are limited by difficulties in measuring small pressure dif- 
ferences corresponding to those velocities. In addition, pitot-tube 
measurements would not be practical for unsteady conditions since 
placing a number of pitot tubes in a flow would certainly disturb the 
flow. Pitot tubes are large compared to fine thermocouples, hence, 
details of the velocity profile could be lost. Another possible concern 
in using the pitot tube was its susceptibility to the directionality of 
the flow and the effect of large eddy structures passing over the tube 


in different directions. 


Laser measurement techniques can be used for both temperature and 
velocity measurements, however, these techniques are complex and expen- 
Sive. Although a single laser system may be used, velocity and tem- 
perature measurements would require separate techniques. For velocity 
measurements the Laser Doppler method can be used. Rayleigh and Raman 
scattering techniques have been used for temperature measurements in 
combustion and flame studies (Eckbreth, 1988). The Rayleigh scattering 
method measures the total local fluid density by resolving the Doppler 
linewidth of the scattering. Temperature measurements using Rayleigh 
scattering is indirect using the state law for ideal gases under 


constant pressure situations. This method can only be used in clean, 
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particle-free situations. In Raman scattering the temperature measure- 
ments are made readily from the distribution of the scattering. Raman 
scattering has been used in flame temperature measurements and due to 
the low signal to interface ratio, it may not be feasible for ceiling 
jet measurements where temperature and density magnitudes are quite low. 
Thus, to obtain velocity and temperature measurements using laser 
diagnostic techniques two separate methods must be used. In addition, 
it is not certain that Rayleigh scattering technique would be suitable 
for ceiling jet temperature measurements. Use of two separate tech- 
niques to measure velocity and temperature simultaneously creates added 
complexities. Furthermore, use of laser measurement techniques for 
multi-point temperature and velocity measurements are not known to the 


author and its feasibility questionable. 


Hot-wire velocity measurements would be highly unreliable due to 
large and rapid temperature fluctuations in the flow and direction of 
the flow can not be deciphered with certainty due to large eddies 
passing over the wire. In addition, multi-point measurements would 
again present themselves as a tremendous task. Temperature compensation 
for multiple hot-wires can be easily recognized as a difficult problem 


as well. 
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2.4 - Cross-Correlation Velocimetry 


The above concerns and considerations led to the use of a rather 
underused technique for the velocity and temperature measurements. This 
technique, hereafter referred to as the cross-correlation velocimetry, 
was first investigated by G. Cox (1976,1977) and Cox & Chitty (1980). 
The cross-correlation of temperature-time records from a pair of sensors 
placed in the streamwise direction of the flow and separated by a 
distance, d, can be used to obtain the most probable mean velocity of 
the flow in the streamwise direction (Figure 2.5). The fluid tem- 
perature can easily be measured using the said temperature-time records 


directly. 


Cross-correlation velocimetry is based, in principle, on the "frozen 
eddy" concept in the turbulent flows put forward by Sir G.I. Taylor 
(Gris layiory 1938).¥" Sin'G. ‘bP. STaylor istateds that’ in? aiturbul entietlow 
there are "eddy structures" that retain their shape and characteristics 
over some time and space. In other words, an eddy can be considered 
frozen for a limited time over a given space. If these eddy structures 
within a flow can be identified and traced, then the most probable mean 
velocity of the flow may be estimated as the weighted average of the 
velocities at which the eddies are moving. This weighting is inherent 
in the technique since the larger eddies have more profound effect on 
the cross-correlation results. The following discussion presents some 
of the fundamental work that form the basis for using cross-correlation 


technique in velocimetry. 
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2.4.1 - The Taylor Approximation 


G.I. Taylor suggested that when the turbulence level iS lOw enough 
(i.e. (uju;)% << U), the evolution in spatial pattern of a fluid struc- 
ture during its transit past a fixed probe may be so insignificant that 
the fluid structure remains effectively "frozen" during this transition 
(G.I. Taylor, 1938). Then, probe-signal changes with time are due only 
to spatial nonuniformities being convected past the probe at speed U. 
This concept is referred to as the "Taylor's hypothesis" or "Taylor's 
approximation". This approximation suggests that turbulent velocity at a 
fixed point in space is very nearly equal to what one could observe by 
as spatial record (along Ax = UAt) at a fixed time. Lin (1953) and 
Uberoi & Corrsin (1953) offered slightly different theoretical estima- 
tes of the range of validity of this approximation. Both concluded that 
the "frozen eddy" approximation of Taylor is well satisfied in the 
nearly isotropic turbulence far behind grids. Thus, indicating that for 


turbulent flows, not totally isotropic, Taylor's approximation can hold. 


Investigating Taylor's approximation, Favré et. al (1952) and later 
Comte-Bellot and Corrsin (1966) used two hot-wire probes displaced 
streamwise by (Ax) and recorded the ensuing signals. Their results 
showed that by delaying the downstream probe record in time by the 
amount At = Ax/U, maximum correlation would be attained. Comte-Bellot 
and Corrsin's experiment showed that At measurement was smaller than the 


actual At by about 0.4%. 
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2.4.2 - Fundamental Theory of Cross-Correlation Velocimetry 


The basic concept of "Frozen. Turbulence" introduced by G. I. Jaylor 
stimulated many investigations into isotropic turbulence measurements. 
Numerous investigations of turbulent flows have shown the movement of 
eddy structures in a flow to represent the true mean flow velocity. 
These studies have produced results which justify the use of "frozen 


eddy" concept for velocity measurements. 


The experimental work on turbulence was expanded when Favré (1948) 
and Favré, Gaviglio & Dumas (1950, 1952) produced the first systematic 
measure of double velocity correlation with separation in both space and 
time. This was done by recording signals from two hot-wires at dif- 
ferent spatial positions in the flow and shifting the signals in time. 
These investigations showed that at a particular time-shift the mean 
flow velocity gives a flow displacement exactly equal to the probe spa- 
tial separation. These experiments also showed that the corresponding 
correlation function from these two probes is precisely that measured as 
auto-correlation by a probe travelling steadily at the mean velocity. 


It is conceptually the simplest Eulerian correlation function in time. 


It is then intuitively and physically clear that for a known separa- 
tion distance between two probes there ought to be a time shift which 
corresponds to the mean flow velocity. At that time-shift the highest 


correlation between the two signals, is obtained. 


In the ceiling jet, the eddy structure can easily be traced since 


the fluid particles' temperature act as a very good marker for the flow. 
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The temperature fluctuations can be sensed using thermocouples. 
Although the ceiling jet flow is hardly an isotropic turbulent flow, the 
concept of “frozen” eddy" frs’"alt=that “1s Needed *to-justif ys ches cross= 
correlation velocity measurement technique. The ceiling jet flow in 
this particular case is radially symmetric and the dominant velocity 
component is the streamwise radial velocity. As long as the eddy struc- 
tures remain relatively unchanged, i.e. "frozen", along the streamwise 
direction this concept can be used for velocity measurements based on 
the Taylor's hypothesis. The evidence presented in support of this con- 
cept are all for the isotropic turbulent flow cases. These evidence, 
however, are experimental proof of Taylor's hypothesis and need not be 
an indication that in nonisotropic turbulence the "frozen eddy" concept 


can not exist. 


It iS now quite evident that the basis for the cross-correlation 
velocimetry can readily be expanded beyond the use of thermocouples as 
sensors. In general, it can be stated that any phenomenon in a flow 
which has a dominant and preferred direction, accurately characterizes 
the flow regime and retains its characteristics over a measurable time 


and space can be used to measure the mean flow velocity. 
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2.5 - Data Collection and Processing for Velocity and Temperature 
Measurements 

Data from each experiment were stored in binary data files. 
Temperature data were determined via averaging the temperature measured 
by the forward and rear thermocouples. The ceiling jet temperature was 
calculated from the thermocouple voltages using linear equations deve- 
loped from the National Bureau of Standards data on thermocouples. 
Three different linear fits to the data were developed for three dif- 


ferent temperature ranges. 


Calculating the velocity, however, was a more complicated task. The 
voltage-time records from thermocouple pairs were cross-correlated using 


a cross-correlation function defined below (Marks and Motevalli, 1986): 


to 
Ree |i 2 X1(t) Xo(t+t)dt (2a) 
Ors "4 
0 
where xy and Xo refer to the pair of thermocouples displaced by a 


distance, d, along the radial streamwise direction of the ceiling jet. 


Cross and auto-correlations have been widely used in turbulent 
measurements of electrical and control systems analysis. The cross- 
correlation function reflects the degree of correlation or similarity 
between two signals and both auto and cross-correlation have found wide- 
spread uses. Two identical signals would provide the highest correla- 


tion possible. In order to scale the degree of correlation between two 
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signals a correlation coefficient is normally used. The cross- 
correlation coefficient is the cross-correlation function normalized 


with respect to the product of the r.m.s. values of the two Signals. 


Rx 1x2 
ee ee ; 
(X,?2)% (Xp?) 


(2.2) 


The cross-correlation coefficient varies between O and 1, where a coef- 


ficient of 1 would indicate a perfect correlation. 


The cross-correlation coefficient can be put into a numerical form 


as shown: 
Rx 1x2 
Px1,X2 = ar (2.3) 
2 
Cem peg Susy wal Nom ln X2 
where; 
N-m 
Rxy,xo(m) = —— Y  xX4(n) Xp(n4m) (2.4) 
N-m n=1 


Suppose two thermocouples separated by a distance, d, are exposed to 
a non-isothermal. flow whose temperature fluctuations remain exactly the 
same during the sampling time and over the distance, d (Fig. 2.5). The 
temperature-time record of the thermocouple located downstream of the 


forward thermocouple will correlate perfectly with the temperature-time 
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record of the forward thermocouple if its temperature-time record is 
shifted in time by t. Therefore, by cross-correlating each record pair 
and using the cross-correlation coefficient, (Eq. 2.2), a maximum corre- 
lation corresponding to a time t can be determined. The most probable 
velocity of the flow over distance d can then be determined by the 


following: 


NENOCALV¥uEeciat CZ.) 


To determine the time-shift between two records, Eq. 2.2 iS put in 
the numerical form of Eq. 2.3 where m corresponds to the number of data 
points producing the desired time shift between the two sets of data. 
For every given thermocouple record pair, an m can be selected (m must 
be an integer) and a corresponding value of Px1,Xx9 Calculated. Based on 
the range of flow velocities expected and the distance separating the 
thermocouples in a pair, m is varied between zero and a value 
corresponding to as high as 500 milliseconds time shift. A single m 


which produces the maximum Px4,Xx2 then determines the time-shift. 
2.5.1 - Considerations in Data Collection 


As previously described, the fluid velocity is given by 
NPE oie 


where d is the distance between thermocouples in a pair, and t is the 


time-shift corresponding to the maximum value of the correlation coef- 
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ficient, Px. >x2° The uncertainty in V is, due almost entirely, to the 
uncertainty in tT, since the distance d can be measured with excellent 
precision to less than 1mm. Also contributing, although indirectly, is 
the magnitude of the maximum value of Pxy>x2° AS Px1>x2 decreases, 
the confidence that the correlation is meaningful decreases. The corre- 
lation coefficient decreases as d increases due to the fact .thatethe 
turbulent eddies are not absolutely frozen as they move along, but 


instead change their shape and size. 


In general, the following factors determine the accuracy of the cross- 
correlation velocity and are discussed in detail by Marks and Motevalli 


(1986). 


° Sampling frequency 
e Thermocouple pair spacing 


° Data record length 


Because the value of t that yields the maximum Px4°x2 is obtained 
numerically from data taken at discrete intervals, t cannot be deter- 
mined with any greater precision than the time period between successive 
readings from a given thermocouple. This period clearly decreases as 
the sampling frequency increases. The percent error in determining tT 
decreases for a larger t. For a given velocity, t increases as d 


increases; thus, increasing d decreases the percent error in t. 


To provide a sense for the magnitude of t, and the order of magni- 


tude of the sampling rate needed, consider a "typical" case where: 
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d=2 cm and V=0.5 m/s = 50 cm/s 
then 


t=d/V=2/50 = 0..04..s= 40 .ms 


In order to make the error in t, for instance, less than 5%, the time 
interval between data points per thermocouple would have to be no more 
than 5% of 0.04 seconds, or 2 milliseconds. This corresponds to a 


sampling frequency per thermocouple of 500 Hz. 
time period between each channel reading, tcs= 2 ms= .002 s 
sampling frequency for each channel, f= 1/ts= 500 Hz 


Since sixteen thermocouple signals are being sampled, the overall 
sampling frequency of the multiprogrammer must be set to sixteen times 
this value, or 8 kHz. For the same maximum percent error in tT, the 


sampling rate could be decreased by a factor of two if d were doubled. 


1 teoe4ecn..t=4/50=0.08a5 
t5=5%(0.08)=.004 s and f=1/0.004=250 Hz 


As pointed out previously, increasing d from 2 cm to 4 cm would lower 
Px4 x2 somewhat. The extent of this reduction is discussed in a 
following segment along with the effect of the lower Pxy°xp on the 


uncertainty in Tt. 


If the percent error in t, and hence in V, can be decreased by 
sampling at a high rate, it would appear that the maximum sampling rate 


should be used. However, this is not possible because a higher sampling 
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rate means more data to be stored and processed. Sampling at a high 
rate soon exhausts the storage capacity of the computer, and the 
jncreased member of calculations carried out using more data consider- 


ably increases the data reduction time. 


Data record length is another factor that must be considered. If it 
1Seenoe long enough to include a sufficient number of thermal fluc- 
tuations of the flow, the true mean velocity cannot be obtained. In 
this case, for example, repeated measurements of the velocity of a 
stream whose mean velocity iS constant would not yield the same velocity 
each time. If the record length is too long, the transient charac- 
teristics of the mean flow may be lost and, in addition, the storage 
capacity of the computer will be exceeded. The initial investigations 
showed that a data record length in the order of 10 to 15 seconds, is 
needed for proper measurements. This investigation was carried out by 
taking a 88.8 second long continuous data record pair in a steady state 
condition and dividing it into smaller segments. These segments were 
created by dividing the long record into two and thereafter dividing 
each of the newly created data record segments by two. In each step, 
the flow velocity of the segment was computed and averaged over the 88.8 
seconds time period. This investigation showed that when the original 
data record was divided into 10 seconds long segments, the average velo- 
city of segments was equal to the overall flow velocity to within less 
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2.6 - Effect of Thermocouple Bead Size on Velocity and Temperature 
Measurements 

One factor that can cause error in velocity and temperature measure- 
ments is the inherent difference in the bead size as reflected in the 
time constant of the thermocouples in each pair. If both thermocouples 
do not have the same time constant, their time lags relative to the true 
temperature-time history of the flow will differ, thus causing error in 
determining the time shift between those temperature-time histories. 
The error in mean temperature measurements due to bead size difference, 
on the other hand, is quite negligible. The time scale of the variation 
in the gas mean temperature, in order of tens of seconds to minutes, is 
much larger than the thermocouple time-constant, which is in order of 


0.1 second. 


To illustrate the effect of bead size differences on velocity 
measurements, consider two thermocouples which are each subjected to the 
same fluid flow whose temperature will be assumed to vary in a Sinu- 


soidal fashion according to the equation: 


6 = 85 cos(wt) (Zaby) 


For a thermocouple exposed to such a stream, the temperature variation 
of the thermocouple can be shown to be (after the initial transience has 


vanished) 
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6+ = cos w(t- 2 tan-? Y 297 
Chore gmig (tO be MUP 5) a 
Be 
where 6+ = temperature variation of thermocouple (°K) 


8) = amplitude of temperature variation of fluid (°K) 
w = frequency of fluid temperature variation (Hz) 


Q = pe ; inverse of thermocouple static time constant (1/s) 
tc 


h = convection heat transfer coefficient (W/m?°K) 
A = surface area of thermocouple (m?) 
Mt = mass of thermocouple bead (Kg) 


specific heat of thermocouple (J/Kg°K) 
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The time shift, 2 tan-1 ct Will increase and the amplitude of the 
variation will decrease as ® decreases. The increase in 2 is due to 
the thermocouple size increase because A/Mt decreases with increasing 
thermocouple bead size. A plot of the fluid temperature and the ther- 
mocouple temperature variation for two thermocouples, one having a 
larger A/M¢ than the other but being at the same location in the flow, 
is shown in Figure 2.6. As can be seen, the temperature record of the 
larger thermocouple lags that of the smaller one due to the difference 
in their sizes. In the case of the probe, one thermocouple is located 
downstream of the other. If the larger thermocouple were located 
downstream of the smaller one, the time shift measured between the 
record pair would be greater than the actual time-shift. Thus, the 


fluid velocity determined from the cross correlation of the temperature 
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records would be smaller than the actual value. A reverse situation can 


Similarly be stipulated. 


2.6.1 - Effect of heat conduction through thermocouple wire on 
temperature measurements 


Due to the small size of the thermocouples involved, heat transfer 
by conduction along the wires were determined to be negligible. The 
thermocouple wires leading from the bead were quite small, 2.54 x 107% 
m, and therefore very little heat would be conducted away from the bead. 
This type of error is largely reduced because thermocouple wires used 
here were parallel to the ceiling and large lengths of wire were exposed 
to gas temperatures nearly the same as that of the bead. This reduced 


the temperature gradient along the wire, hence reducing conduction. 
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2.7 - Probe Reversal 


The exact sizes of the thermocouple beads are unknown and the magni- 
tude of the heat transfer convection coefficient is not accurately known 
in flows such as those in question. Following Cox's approach (G. Cox, 
1977) differences in the measured velocities due to thermocouple bead 
size inconsistencies were determined experimentally. First, ceiling jet 
velocity profile under steady-state conditions was obtained with the 
thermocouples in one orientation, and then the probe orientation was 
reversed and the velocity profiles in the same jet. The test was 
carried out using a 1.0 KW fire under a fiberboard ceiling for an r/H 
value of about 0.5 and H=1.0 m. The thermocouples in a pair were 
separated by 5 cm. The velocity profiles for both orientations are 
shown in Figure 2.7. Each data point represents a mean velocity value 
averaged over 3 minutes using 12 data record sets. Each record set was 
10 seconds long and was collected at 5 second intervals. The data 
record segments totaling 120 seconds collected over a period of 180 
seconds at the rate of 154 Hz were used in order to try to average out 
turbulent fluctuations. It... Sa,clear, that »thesedififerencesa in. the 
measured velocity due to the thermocouple orientation are small. The 
largest difference between two values is 0.07 m/s when the average of 
the two values is 0.39 m/s; this occurs for the thermocouple pair posi- 
tioned at about 5mm from the ceiling. The percent difference of the 
velocity measurements from the average of the two at that position is 
about 9%. At other locations, both the magnitude of the differences and 
the percent differences from the average are much smaller. Of course, 


the velocity of zero at the ceiling is assumed, and not measured. 
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Although Figure 2.7 shows that the error due to thermocouple pair 
orientation is small, it does not conclusively pinpoint the absolute 
accuracy of the measurements since the actual absolute velocity of the 
jet is not known. In addition, despite the fact that great care was 
used to ensure a return to ceiling steady state condition after 
reversing the probe orientation, one can not be sure if the experiment 
conditions remained absolutely intact (for instance, room drafts change 


with time due to room air conditioning turning on and off). 


To further check this technique, data for the same fire from the top 
thermocouple pair was recorded on a magnetic tape and analyzed on a 
Nicolet Spectrum analyzer. The velocity of the jet at that particular 
point was determined using the time shift obtained from the cross- 
correlation function (from the spectrum analyzer). Figure 2.8 shows the 
plot of velocity vs. time obtained for the top pair. Each data point 
represented the average of a 10 to 13 seconds long data segment. This 
figure shows clearly that even the mean velocity varied considerably 
over time. Therefore, the reversing technique may not be adequate as a 
verification tool since the test conditions and mean velocity may differ 
for the two orientations. This problem is addressed in the next section 


where a velocity verification scheme is described. 
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2.8 - Velocity Measurement Verification Method 


Velocity measurement using cross-correlation velocimetry is a rela- 
tively new, untested and uncommon method, hence, needing more scrutiny. 
The factors described in the previous segments affecting the accuracy of 
the velocity measurements, including bead size difference between the 
thermocouples in a pair, can influence the accuracy of the measurements 
to within 5%. This error bound was established by the tolerance in 
selecting t and the probe reversal exercise described in section 2.7. 
Although probe reversal technique is a valid part of verification of the 
velocity measurement, it is not complete because the magnitude of the 


mean flow velocity is not being evaluated. 


In order to gain confidence in the velocity measurements obtained 
from cross-correlation velocimetry, it was desired to compare its 
measurements to those obtained from another instrument such as a hot- 
wire Or a pitot tube. After several trials, a calibration device, shown 
in Figure 2.9 was constructed. This device consisted of a 30 cm long 
PVC pipe with an inside diameter of 40.77 mm. A heating coil made of 
4.9 mm diameter nichrome wire was shaped into a helical coil with an 
effective diameter of approximately 10 mm. Air from a laboratory source 
was monitored by : rotometer before entering the pipe. Fine mesh 
screens were placed near the pipe inlet to make the flow uniform and 
eliminate the entrance effect. The pipe was made short enough to pro- 
duce a plug type flow. The heating coil produced large vortices with 


the needed thermal fluctuations. For a known flow rate and from the 
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known area of the pipe, an estimate of the mean flow velocity could be 
made. The instrument chosen to obtain independent measurements of the 
velocity was a 3.175 mm areren pitot-static tube connected to a capa- 
Citance differential pressure sensor with a range as low as 107% mm Hg. 
The procedure was as follows: the velocity probe was placed at the exit 
of the pipe. Thermocouples in the probe were set 30 mm apart and the 


pitot tube was placed directly behind the top thermocouple pair. 


Two different flow rates of 62.7 liters/min, flow #1, and 47.9 
liters/min, flow #2, were used in this verification procedure. Flow #1 
yielded an average velocity of about 0.8 m/s and flow #2 yielded an 
average velocity of about 0.6 m/s. Large flow rates had to be chosen 
Since the pitot tube measurement was limited by the pressure transducer 
and thus high enough velocities were needed for the pitot tube measure- 
ments to be reliable. The top three thermocouple pairs were used to 
provide a 3 point measurement along with the pitot tube. The pipe was 
traversed vertically for more velocity measurements to produce the 
complete velocity profiles shown in Figure 2.10. During these measure- 
ments the flow rates were kept constant and the power input to the 
heating coil was closely monitored. The power input was kept constant 
at the lowest possible levels to reduce buoyancy effects. The sampling 
rate for the velocity probe was set at 3240 Hz thus providing a resolu- 
tion of 1% on selecting the correct t. The results show excellent 
agreement between the pitot tube and thermocouple measurements. The 
difference between the two measurements was generally less than 5% of 


the average of the pilot tube and probe measurements. It should be 
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mated that the velocity measured by the thermocouple probe was "most 
probably" the .flow velocity at the mid-point between the thermocouples 
and therefore 15 mm closer to the pipe than the pitot tube. Thus, the 
cross-correlation velocity would be expected to be higher than that 
given by the pitot tube. The measurements for the lower flow rate case 
displayed a higher difference between thermocouple and pitot tube 
measurements. ThiS may be explained by the lower flow losing a higher 
percentage of its velocity over the 15 mm distance. The larger errors 
at flow #2 may also be due to buoyancy effects or limitations of the 


pitot tube transducer. 


An important factor in obtaining good correlation, and thus reliable 
velocity measurements is the strength of the thermal fluctuations. At 
very low pipe velocities, the amplitude of thermal fluctuations is 
reduced since the vortices shed from the heating coil are smaller and 
have reduced temperature gradients. In Figure 2.10, the data points 
close to the top edge of the calibration pipe especially demonstrate the 
effect of buoyancy on distorting the velocity measurements. Generally, 
lower correlation values were computed for these points due to smaller 
thermal fluctuations. Near the pipe centerline, however, the correla- 


tion coefficient was quite high, 80 to 98% range. 


To check every thermocouple pair in the probe,.a test was carried 
Out with the pitot tube positioned behind each one. The thermocouple 
pairs were aligned with the centerline of the pipe one at a time. Table 


2-1 shows the results of this run. The pitot tube measurements and 
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thermocouple values are in agreement to less than 5% of the average of 


the two measurements for all pairs. 


Table 2-1. Thermocouple Calibration Results Individual thermocouple 
pair velocity measurement vs. pitot tube velocity measure- 
ment at the calibrator centerline 


Flow #1, 62.7 1/min Flow #2, 47.9 1/min 


Thermo- Thermo- 
couples couples 
(m/s) (m/s) 


Although it would have been preferable to perform this procedure for 
lower velocities as well (near 0.1 m/s), the reliability of the pitot- 
static velocity measurements at low velocities was a limiting factor. 
Furthermore, the strength of the thermal fluctuation produced in the 
calibration device was small, the eddy size being limited by the 
diameter of the pipe. This, however, strengthens the merits of this 


verification procedure since the actual ceiling jet contains much 
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stronger thermal fluctuations (larger and stronger eddies), thus 
enhancing the capability of this technique to predict the velocity of 
non-isothermal, turbulent flows with large thermal fluctuations 
(Motevalli, et. al., 1987). Furthermore, the scale of turbulence in the 
pipe flow is smaller than in the ceiling jet, thus causing the eddy 
deformation time scale in the pipe to be smaller than that in the 
ceiling jet. Therefore, the generally slower velocity of the ceiling 
jet allows a more accurate determination of t. It should be kept in 
mind that the cross-correlation velocimetry described here is more 
reliable where large scale turbulence is present. The large-scale tur- 
bulent eddies follow to the flow more closely and are preserved for a 
longer time than the small-scale eddies. The directionality of the 
large eddies is also less of a problem since they are of the order of 


the ceiling jet thickness and are limited by the solid boundary. 


Generally, enough confidence exists for thermocouple temperature 
measurements due to their simplicity and history of proven reliability 
that no thermocouple calibration was deemed necessary for temperature 


measurements. 


-48- 


2.9 - Experimental Procedure 


The aim of the experimental portion of the research program was to 
obtain simultaneous velocity and temperature profiles as the ceiling was 
heated by the fire plume. The ceiling heating can be monitored by 
implanting thermocouple wires in the ceiling (Woodhouse & Marks, 1985). 
Woodhouse and Marks observed an impingement zone that extended to r/H 
values of approximately 0.2. Ceiling jet flow measurements had to be 
restricted to r/H20.2, since the flow would be turning from a plume into 
a ceiling jet at r/H<s0.2. Investigation of ceiling heating also showed 
that most rapid changes in the ceiling temperature occurs during the 
first 5 minutes after the start of fire. As r/H increases, the magni- 
tude of the ceiling temperature change decreases, yet the general beha- 
vior is the same. The ceiling heating characteristics provided useful 
insight into planning the experimental approach. Clearly, the velocity 
and temperature measurements needed to be performed outside the impinge- 
ment area. Furthermore, to obtain an understanding of the ceiling jet 
behavior, as it moved radially outward, measurements had to be made at 
several r/H locations. In addition, to examine a range of fire strength 
conditions, i.e. varying a non-dimensional fire strength Ou both height 
and heat release rates were to be varied. These considerations led to 
concentrating the investigation on ceiling jets induced by fires in he 
range of 4.5 x 10-* to 0.01. The limitation on the range of Q* was par- 
tially imposed by the maximum heat release rate of slightly larger than 
2.0 KW. The upper limit of the heat release rate was set by the design 


of the existing burner and laboratory restrictions for small scale 
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testing. The above range for Q* was reached by having fires between 
0.5 to 2.0 KW at two different burner to ceiling heights of 0.5 and 1.0 
m. A table of Q* values is shown below: 


Table 2-2: Non-dimensional fire strengths used to produce the 
ceiling jets studied 


0.00045 
0.00067 0.00378 


0.00089 0.00504 


0.00178 0.0101 


The ceiling height of 1.0 m only allowed measurements up to a r/H 
value slightly larger than 1.0 (ceiling diameter=1.065 m). For the 
height of 0.5 m, however, measurements up to r/H=2.0 became possible. 
Due to limitations imposed by the probe stand and the probe con- 
figuration (i.e. to avoid interfering with the fire plume) the r/H posi- 
tion of 0.26 was selected as the nearest position to the impingement 
point. This was due to the fact that the forward thermocouple would 
actually be at a r/H<0.26 by a distance of d/2 (see the cross- 
correlation velocimetry section). Measurements were then obtained at 
r/H locations equal to 0.5, 0.75, 1.0, 1.5 and 2.0. The measurements 


beyond r/H=1.0 represents the region of the ceiling jet not previously 
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Studied extensively and certainly not studied under transient ceiling 
conditions. The main purpose of studying the ceiling jet beyond r/H=1.0 
was to study a region of flow where the buoyancy forces were thought to 


be important. 


Several considerations were prominent in the experimental procedure 


that was selected. 


j. The start of data collection and fire had to be synchronized and 


this triggering was to be repeatable. 


ii. Symmetry of the ceiling jet and repeatability of the runs were 


essential. 


iii. Proper positioning of the probe and exact measurement of d was 


Crucial in achieving good accuracy. 


The synchronization of initiating data acquisition and start of the 
fire was done automatically through data acquisition software as 
described in previous reports (Motevalli & Marks, 1988a and Marks & 
Motevalli, 1987). The symmetry of the ceiling jet was examined and the 
results are shown in figures 2.11la,b. This examination, in addition to 


other data, testifies to a reasonable repeatability of the experiments. 


Since the thermocouple pairs were fixed on the probe, a careful 
measurement of distance from top of the probe to the ceiling provided 
the location of each thermocouple pair with respect to the ceiling. To 


account for possible misalignment of the four probe holder arms, or 
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discrepancy in their size, their distances (from top) to the ceiling 
were measured individually. An average of the four measured values was 
then used as the absolute distance of the probe holder to the ceiling. 
Generally, if misalignment of more than 1 mm was observed, corrective 


action would be taken. 


To obtain the necessary data for a complete profile, several runs 
were generally necessary due to the limited number of thermocouple pairs 
and the distance from the ceiling covered by the probe (see the ther- 
mocouple spacing in the probe section). The probe was positioned at the 
closest possible distance from the ceiling at any given r/H location. 
The ceiling temperature was monitored using a K-type thermocouple 
implanted in the Tower surface of the ceiling. This thermocouple was 
connected to a strip chart recorder. An interactive software was deve- 
loped to collect data from the probe over a time period specified by the 
user. This software, which controlled the data acquisition process, was 
designed to start data collection upon detection of a temperature rise 
due to start of the fire (Marks & Motevalli, 1987). The burner was 
started by inserting a burning stick on the end of a long rod from out- 


side the cage to avoid disturbing the test conditions. 


Upon completion of data collection at that probe position, the 
ceiling was cooled either by allowing a long cooling period or by forced 
convection using a fan. The ceiling temperature was monitored via the 
ceiling thermocouples to ensure a complete return of the ceiling tem- 


perature to the ambient conditions. The laboratory ambient temperature 
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was never observed to be vary more than 1° C. Normally, the data was 
processed and the results was stored on floppy discs while the cooling 
process was taking place. This process was then repeated for the same 
radial position with the probe located a new distance from the ceiling. 
By monitoring the results being processed, it was possible to approxi- 
mate when the edge of the ceiling jet had been reached and sufficient 


data had been collected. 


The parameters, discussed previously, governing the selection of the 
sampling rate and record length in data collection were strongly depen- 
dent on the expected velocities. For those experiments, where H was 
equal to 1.0 m, the spacing between the thermocouple pairs was set at 50 
mn. The maximum number of data points collected for each time interval 


was 32,500. 


Once the height was changed to 0.5 m, neither the number of data 
collected nor the sampling rate was adequate and the spacing of 50 mm 
between the thermocouples was deemed to be too large. For example, at 
r/H=0.26, r was equal to 13 cm. If the spacing were to be kept at 5 cm, 
the radial positions of the forward and rear thermocouples in the probe 
would be 10.5 cm and 15.5 cm, respectively. Since the velocity and tem- 
perature change rapidly at small radii, this would be too large of a 
radial separation for the thermocouples. To avoid this problem, as well 
as to obtain better correlation coefficients, thermocouple spacings of 
20 and 30 mm were used for all the experiments at this height. In addi- 


tion, the number of data points per file (i.e. per time interval of 
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interest) was doubled to 64k. This provided a much better resolution in 
selecting the time shift, especially since the expected velocities were 
much higher at this height. In addition, higher correlation coef- 
ficients were achieved for these reduced spacings. In order to collert 
the increased data points, the software codes for the data collection 


and data processing had to be modified. 


Variation of the thermocouple spacing, d, led to a series of experi- 


ments to determine the effect of thermocouple spacing on velocity 
measurements and the correlation coefficient. The results are shown in 
Figures 2.12 and 2.13. The probe spacing, d, was varied between 20 and 
70 mm, in 10 mm increments. The velocity measurement, despite inherent 
variation in the ceiling jet flow velocity, remains nearly constant. As 
expected, by increasing d, the velocities measured at three different 
points converge. This points to a limitation in selecting large spa- 
Cings. This limitation is inherent in the technique since at d=70 m, 
the flow velocity is, in essence, being averaged over that same 
distance. The variation in pyy, however, seemed relatively slow and 
even when d was increased 3.5 fold, the drop in Pxy was Only about 10% 


(Fig. 2.13). This results show that the "frozen eddy" concept hold 


quite well over the distances stated for the present conditions. 


Determination of the necessary record length for each pair, at a 
given r/H, was a function of the correlation desired, position of the 
probe under the ceiling, (i.e. size of eddy structures and their travel 


times) and the mean velocity of the flow. Decisions about increasing 


Ache: 


the record length or changing the sampling frequencies were made based 
on the r/H location, the velocity values, and the correlation coef- 
ficients. For the height of 0.5 m, the record length used was 10 or 
more seconds. Generally, as the probe was moved away from the ceiling 
or to large r/H values, the record length was increased to as much as 15 


seconds. 


One important development in the experimental procedure occurred 
after the data for H=1.0 m was collected and evaluated. It appeared 
that the velocity profile of the ceiling jet was not being affected by 
transience of the ceiling. This is apparent in Figure 2.14(a,b), which 
shows no significant variation in the velocity profiles with time. 
Thus, it was decided to limit the velocity measurements to the steady- 
State conditions. To confirm the validity of this approach, velocity 
measurements were made prior to ceiling temperature steady-state con- 
ditions for the case of Q=2.0 KW, r/H=0.26 at H=0.5 m. Examination of 
the results confirmed the conclusions made from the data of H=1.0 m. 
Further evidence that the ceiling jet velocities are independent of time 
is presented in Figure 2.15 in which the maximum jet velocities are 
plotted versus time for different fire strengths at H=1.0 m and H=0.5 m. 
It is evident that the maximum velocities appear independent of time. 
Consequently, for virtually all the runs at H=0.5 m, only temperature 
measurements were made for the transient portion. The record lengths of 
these temperature measurements were about 3 seconds. Once the ceiling 
steady state was reached, a separate data collection program was run to 


collect data for longer records and higher sampling rates to enable 
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proper velocity measurements. This procedure reduced the data pro- 
cessing time from 6 or 7 hours, when both velocity and temperature 
measurements were made for the transient portion, to Jess than 1 hour. 
This iS entirely due to the fact that cross-correlation takes a lot of 
computer time in a micro-computer. The steady-state data were collected 


over 2.5 minutes at 30 second intervals. 
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Fig. 2.15 - Variation of ceiling jet maximum velocity with time 


Chapter 3.0 - DISCUSSION OF EXPERIMENTAL RESULTS 


The velocity and temperature profiles and ceiling jet growth quan- 
tify the momentum and energy contents and their transport within the 
ceiling jet. Wall-jet studies of Glauert (1956) and Poreh, et. al. 
(1967) have established the ceiling jet to be a boundary-layer type 
flow. In order to characterize the ceiling jet and understand the 
transport of mass, momentum and energy by the jet, key parameters need 
to be quantified. These parameters establish; how the thermal and 
momentum boundary layers change with time and position, how the tem- 
perature and velocity of the flow behaves with respect to time and space 
and what would be the maximum velocity and temperature of the flow. 
These parameters, classified into thermal and momentum quantities, can 
be identified according to Figure 3.1. The ceiling jet momentum and 


thermal boundary layer thicknesses are denoted as and 


SVmax 
oT aay respectively. They identify a region of the jet where boundary 
layer type flow exists. The ceiling jet velocity varies from zero at 
the ceiling to a maximum velocity Vmax. The thickness of this layer is 
S Vmax’ The ceiling jet temperature varies from the ceiling temperature 
ATc, where ATc = Tc- Te, to a maximum ceiling jet temperature ATmay in a 
thermal boundary layer whose thickness is denoted as 8Tax* Throughout 
this text, AT will be used to indicate the temperature difference bet- 
ween the absolute temperatures and the ambient. Beyond nae the 
ceiling jet flow behaves like a free jet. Ceiling jet Gaussian 
thicknesses, 7 and &y, have been used by Alpert (1971) and Veldman, 


et.al. (1975) to define the free jet flow. The parameters 2y and 27 are 


ayac 


used to indicate a distance from the ceiling at which the velocity and 


temperature of the ceiling jet reach 1/e of the respective maximum: 
Zea" ey s owirere VIVES = 1l/e Use) 
z = £7 : where AT/ATmayx = 1/e (3.2) 


Characterization of ceiling jet flow behavior has been done with a 
focus on obtaining a complete and detailed temperature and velocity 
distributions of the ceiling jet. Velocity measurements coupled with 
temperature measurements are important in convective heat transfer ana- 
lysis and consequently placement and design of various heat sensing 
devices. It is felt then that by defining and quantifying Vmax, §y,.,; 


Qy and the velocity profile V(r,z) in addition to ATma,, 27 and 


STmax? 
AT(r,z) the ceiling jet may be characterized sufficiently. In order to 
Quantify the above stated parameters, a uniform approach has been 
selected. The aim has been to develop empirical models based on Froude 
Scaling and dimensional analysis of the governing equations. BR ANS 


hoped that the empirical models characterizing the ceiling jet can be 


applied to large scale conditions. 
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3.1 - Data Reduction 


As described in chapter 2.0, a large quantity of data were collected 
from start of the fire until the ceiling reached a steady state con- 
dition. The results are presented in two related but separate segments; 
one dealing with steady state and the other with transient results. It 
was shown in section 2.9 that the ceiling jet velocity is not effected 
by the transience of the ceiling. This was a confirmation of Alpert's 
deduction from his integral analysis of the ceiling jet where he stated 
that the jet velocity ought not be strongly effected by ceiling heating 
(Alpert, 1971). Hence, the discussion of results for the transient por- 


tion is limited to the temperature data. 


In order to reduce the data, the temperature and velocity profiles 
were averaged over 30 seconds intervals for the first 5 minutes of the 
experiment and over 1 minute interval after the first 5 minutes. In the 
case of the H = 0.5 m measurements, when mostly temperature measurements 
were obtained, averaging and data collection were done over shorter 
times. Velocity and temperature profiles at steady state (latest time 
shown in data tables, Appendix A3.3) were averaged over 1 to 3 minutes 
time intervals. Complete velocity and temperature profiles for the 
H=1.0 m case were obtained by averaging data at times 5 and 30 seconds 
and 1, 4, 10, 16, 22, 28, 34 .. minutes (Appendix A3.1). These times 
were selected arbitrary. In the case of the H = 0.5 m, only temperature 
data were collected in transient period except for the 2.0 KW fire at 


r/H = 0.26 (Appendix A3.2). A complete set of reduced data was included 


ae 


in a report by Motevalli and Marks (1988a). The report included the 
data for 2.0, 1.0, 0.75 and 0.5 KW fires for H = 1.0 m and 0.5 m cases. 


Here, only a portion, i.e. data of 2.0 KW fire, is presented in appendix 


ASol and#A3.2: 
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3.2 - Steady State Results and Discussion 


This investigation, for the first time, addressed velocity measure- 
ment of the ceiling jet in great detail and under transient ceiling con- 
ditions. Use of cross-correlation velocimetry led to a close 
observation of the flow regime via tracing temperature fluctuations. 
The ceiling jet flow is a highly turbulent flow with large thermal fluc- 
tuations (Motevalli, et. al, 1987a). This phenomenon was readily 
observed through displaying the real-time temperature measurements on a 
oscilloscope. Due to the nature of the flow, a large degree of scatter 
is present in the velocity measurements, but with proper data reduction, 
the characteristic parameters listed previously (sec. 3.1), can reaso- 
nably be quantified. It should be noted that the ceiling jet is con- 
sidered to be a highly turbulent flow dominated by large-scale eddy 
structures. The ceiling jet flow investigated here is largely a low 
Reynolds number flow. The Reynolds number, Rer = Vr/v, is approximated 


to be between 2500 to 15000. 


From Froude modeling (Quintiere, 1988) it can be shown that for a 
plume eminating from a point source, the following dimensional groupings 


hold: 
V «= Q*!/3 (gh) and (308) 
peda 
Q : (3.4) 


Cooper (1982) gives Q* as: 


ay is 


Q* = (1-Ap)Q/petpT= 9% H°/* 


where Ar is the fraction of heat lost due to radiation from the source. 
In this work Ar is thought to be negligible because flames from pre- 
mixed combustion are small and blue. The above relations have been 
shown to hold for a wide range of fires (Yokoi, 1961, McCaffrey, 1979 & 
1984). Previously, Alpert (1971) and Veldman, et. al (1975) have 
demonstrated that these same relations can be used for the ceiling jet. 


They have shown that: 
V* = V/ Q**/*(gh)% = f(r/H) and (3.5) 
AT* = AT/ Q*°/°T. = f(r/H) (3.6) 


The use of H as the length scale is only valid if H >> 2. Therefore, as 


2 grows with r/H, H as a length scale may loose its validity. 


3.2.1 - Ceiling Jet Maximum Velocity 


The maximum ceiling jet velocity and temperature were measured 
using the probe in a fixed position. Since ceiling jet transient 
Characteristics were being investigated, traversing the probe was not 
possible. This resulted in a limited resolution in locating the maximum 


temperature and velocity due to thermocouples vertical spacing. 


Using relation 3.5, the maximum velocity was non-dimensionalized 
with respect to r/H for all fire strengths at both H = 1.0 m and 0.5m 


cases. The results shown in Figure 3.2, correlate quite well despite 
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the scatter in the velocity data. At r/H = 0.26, locating Vmay suffers 
due to fixed vertical spacing of thermocouples (= 1.7 mm apart near the 
ceiling) and Vmax occuring near the ceiling. Otherwise, the Vmax data 
of both heights collapse onto a single curve. A linear least square fit 


to the data yields the following empirical equation: 
V*nax = 0.0415 (r/H) + 0.427 (r/H) + 0.281 (3.7) 


As the initial momentum of the ceiling jet diminishes with increasing 
r/H, the maximum ceiling jet velocity asymptotically approaches zero. 
Figure 3.3 compares Vmay with the results of other investigators. In 
this figure, the maximum velocity is normalized by gr/3y-2/3 (adopted 
from Beyler, 1986). Heskestad and Delichatsios (1978) data were from 
large scale experiments. It should be noted that eqn. 3.7 is modified 
to the form of Vmay/Q?/2H-*/2 before being plotted on Figure 3.3. There 
is a general agreement between the different correlations. Cooper's 
model is based on less direct data and developed from wall-jet theory of 
POLGN awe. sam) see O7s) 7 His model pacers well with Heskestad and 
Delichatsios, but overestimates author's data by 30 to 50% at r/H < .7 
and even more compared to Alpert's model. Alpert's measurements were 
made using a hot-wire probe and Heskestad's measurements were obtained 
using a bi-directional probe. The empirical equation from this work 
seem to closely agree with that of Alpert and in a general agreement 


with Heskestad and Delichatsios large scale correlation at r/H > 1.0. 
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3.2.2 - Ceiling Jet Maximum Temperature 


Unlike the velocity, the thermal characteristics of the jet are 
effected by the ceiling heating. Since all ceiling heat transfer modes 
(such aS conduction and radiation) can not be properly scaled, it was 
questionable whether relation 3.6 would be adequate to correlate ATmax 
data. After careful consideration of the data and correlating AT profi- 
les ,at. different times. and r/H. locations, it was discovered that at 
large r/H locations Nie profiles do not correlate for the two heights. 
Figures 3.4(a,b,c) show clearly that as the ceiling is heated, from time 
1.0 minute to steady state, the ceiling jet temperature profiles diverge 
FOr miCstamed . UeMecndel0 oo) atutvHozol. wAtll.U minute, Figure. 3.44, 
this divergence is not quite striking, yet evident. The same effect was 
observed by plotting AT* vs. z/H at r/H = 0.75, but, it was not quite as 
G15 tices ny H = 1.0. At ismall rsh values of .0.26.and .0.5 no signi- 
ficant divergence of data was observed, (Figure 3.5). Velocity profi- 
les, however, did not demonstrate this behavior as seen in Figure 3.6. 
An irregularity in the velocity profiles, however, can be seen as the 
jet moves toward larger r/H values. It appears that a secondary peak 
develops beyond SV nay as shown clearly in Figure 3.6. Further evidence 
of this irregularity in velocity profiles nae been observed previously 
(Motevalli & Marks, 1988a & 1988b). In general, it seemed that the 
secondary velocity peak was not present at small r/H values of 0.26 and 
0.50 and only took definite shape at r/H = 0.75 and beyond. Further- 
more, it was observed that the amount of scatter in velocity profiles 


increase substantially at r/H > 0.75. 
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The above consideration led to further scrutiny of the data, the 
experimental model and the measurement system. The probe was traversed 
vertically under the ceiling at steady state conditions to ensure that 
false data was not being generated due to meaSuring bias by any par- 
ticular thermocouple pairs. No flaws in the experimental procedure or 


the measurement system were detected. 


Alpert (1971), in his work, discussed a limitation on the height, H, 
of scaled experiments to be no less than about 2 feet. Since H =0.5 m 
was at this "limit" a concern was that a significant portion of the 
plume may not be turbulent. However, it is clear from Figure 3.4a-c 
that if H = 0.5 m was too small and the plume had a laminar length, 
which is not scaled, then the ceiling jet temperatures for H = 0.5 m 
Ought to have been higher due to reduced air entrainment and mixing. 


The results point to the opposite. 


These observations led to development of two separate empirical 
equations for AT* for the H = 1.0 m and 0.5 m cases shown in PYQUre "3.7. 
The data from both cases correlate well at r/H < 0.75. At and beyond 
this r/H, however, there is a distinct separation of the two cases. 
Empirical equations using linear least square fit was developed as 
follows: 

AT? Ry PetOS16GNCr/ Hie + bie (n/H)aenae eo Ca tae (3.8) 

= 1.0m 


r/Hs2.0 (3.9) 


AT*max = 0-082 (r/H)~° + 1.9 (r/H)~ + 0.966  0.26sr/Hs 
H=0.5m 


Bao 


The AT ee empirical equation was compared to empirical equations 
obtained by other investigators and data of You & Faeth (1978) and 
Zukoski, et. al. (1975) as reported by You and Faeth. The empirical 
relation 3.9 was modified for the AT/Q°/° H-°/* normalization as is 
shown in Figure 3.8, the data of You & Faeth (1978) and Zukoski, et. al. 
(1975) seem to be in good agreement with those obtained in this work. 
Data of You and Faeth (1978) are from a very detailed study of a steady- 
state ceiling jet induced by burning methanol through a wick at a heat 
release rate of 0.25 KW. The ceiling of their work was made of copper 
Dlate. »ZUKOSK? sete al. Sddtd 1S fOr d firesstrengtnsof.sl.1/7. KWeand 
1.53 KW. The general agreement between their data and equation 3.9 
indicates that some of the small scale experimental data correlate 
together. Furthermore, You & Faeth conclude that Alpert's integral 
model generally underestimates the measured maximum temperature by 20%. 
The data from this work indicates an 30 to 18% (0.26<r/Hs2.0) underesti- 
mation of measured maximum temperature by Alpert's model. Cooper's 
model seem to underestimate the maximum temperature even more, espe- 
cially at r/H > 0.75. Beyler (1986) discusses some of these differences 
in detail. In the author's view, the overriding factor in correlating 
results Of ATmax is the distance from the virtual origin. Obviously, 
the heat transfer in the ceiling iS an important factor, however, 
discrepancies exists in correlations of Figure 3.8 even when the 


ceilings were made of similar material such as copper. 


SEE. 


3.2.2.1 - Ceiling jet Froude number 


Lack of agreement between empirical relations for the ceiling jet 
maximum temperature developed by various investigators led to the 
following interpretation. It has been known through work of Alpert 
(1971) that buoyancy becomes important in ceiling jet flows at r/H loca- 
tions greater than about 1.0. Increase of buoyancy, leads to reduced 
turbulence, stabilization of the flow and reduction in the mixing and 
consequently entrainment of ambient air. A measure of importance of 


flows buoyancy is the Richardson number, Ri, defined below: 
Ri = [gAp2/poJ”/V (3.10) 


where 2 is a length scale. For Ri > 1.0, the flow becomes stably stra- 
tified and Ri = 1.0 is considered to be a critical number. A form of 
Froude number iS equal to the reciprocal of Ri. Using Boussinesque 


approximation of Ap/pe = AT/Tej the Froude number can be written as: 
Fr = V/[AT/Teg2]” (3.11) 


A flow with Fr > 1.0 is said to be supercritical and Fr < 1.0 is subcri- 
tical with Fr = 1.0 being the critical value. In the supercritical 
region, momentum is dominant and in subcritical region buoyancy becomes 
dominant (Figure 3.9). In the ceiling jet, the length scale can be 
assumed to be the Gaussian momentum thickness, 2y. Using the empirical 
relations developed for V may, AT may and 2, (to be discussed later in 
this chapter) and approximating ATayg,= 0.5 ATmax and Vayg.= 0-5 Vmax; 
the following relation can be written to estimate Fr based on the 


empirical relations: 
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Fr = 0.707 fy(r/H)/[fq(r/H) fg) (r/H) 1” (3.12) 


where subscripts VY; 1 and ££, reter to velocity, temperature and &y 
empirical functions. The Froude number and 1/Fr = Ri are plotted in 
PIOUrTE Sel0s, INE Critical, point occurs at approximately r/H = 0.6. "Lt 
is stipulated here that the ceiling jet, becoming buoyancy dominated 
beyond r/H = 0.6, are not scaled accurately since the degree of mixing 
and buoyancy effects are not scaled in the relations used. This pheno- 
menon in seen to have some bearing on increase of scatter in velocity 
measurements at larger r/H locations. Verification of this stipula- 


tion, however, requires further scrutiny. 
3.2.2.2 - Radiation heat loss by the ceiling 


In examining the data of Almay, the effect of radiation heat loss 
fromthe ceiling, Qp, was also examined., It is, expected that Qp may not 
scale properly with H. An estimate of the radiation loss by the ceiling 
was obtained by setting Qp = €oA (ieee Tom) where A is the total area of 
the ceiling up to the r/H location of interest. This analysis revealed 
tatetne stari0.01 Op with, nespectatou tne Lota heatginpuite to the ceiling 


jet is approximately the same for both heights. At r/H = 1.0, the total 


QR loss accounts for = 15% of the total convective heat transfer to the 
ceiling. Therefore, adjusting for Qp in correlating ATmay does not 


Change the overall correlation. 


Jeted cat Virtua) Origin 


The location of the virtual origin of the plume becomes significant 


when the ceiling jet maximum temperature and velocity are being corre- 
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lated. If the virtual origin of the plume can be determined accurately, 
jt is expected that the plume temperature and velocities would correlate 
according to the plume theory. It 1S also Stipulated that. the (ceiling 
jet temperature and velocity should correlate if Z is used instead of H 
in non-dimensional groupings discussed previously; where Z = H - Zp and 


Zo would be the location of the virtual origin. 


Extensive experimental work of Heskestad (1983), has produced a 


reliable relation for locating zo for diffusion type flames: 
Zo = -1.02D + 0.083 Q?/5(KW) (3 139 


where D iS a burner diameter. However, there iS no evidence that the 
above relation holds for premixed flames. Furthermore, as in the case 
of the ceiling jet correlations, there is a vast difference between the 


correlations developed for Zo by various investigators (Beyler, 1986). 


Because of the above, a limited number of plume velocity and tem- 
perature measurements were performed to examine the virtual origin of 
the plumes in this study. A plot of [AT)/Q2/3]-3/5, shown in Figure 
3.11, provides two types of information. One is that a constant 
relatings the | plumesscenten] ines temperature waaiiiq jue LO g?/37-5/3 can be 
obtained. Secondly, by finding an intercept of a fit of each set of 
temperature data (i.e. for each fire) a single Zo for each fire strength 
can be obtained. The data of Figure 3.11, includes those of Woodhouse 
and Marks (1985) who used the same apparatus as this work. The linear 


fit through data in Figure 3.11 provides a relation between H and Zp: 
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Homie Z oat Mulan guid G2 (cases (268s) 


then: 

Ata (Qe 7 -5/3 5 (1/m)-§/3 where Z =H - Zo (35.04) 
and thus: 

iG ret eo Auprot tic (3.15) 


This constant compares well with those obtained by several investi- 
gators. An average value of 22.0 is reported by Beyler (1986), taken as 
a mean of constants reported by several investigations. Alpert reported 
a value of 16.4 which may also explain, partially, why his ceiling jet 
maximum temperature correlation underestimates the measured temperature 


of this work (Figure 3.9). 


The intercept of the 2.0 KW and 0.75 KW fire data of Figure 3.11 


were used to produce the 2 point linear fit shown in Figure 3.12. 
2/5 
Zo = =l2Ze1) D+ 0.321 Q~ *(KW) (3516) 


Equation 3.16 is by no mean adequate since it is only based on two 
points. It is presented here only to provide some information about the 
virtual origin of the plumes in this study. Further examination of the 
ATmax data revealed that use of Z =H - Zg instead of H in equations 3.5 
and 3.6 only diminished the correlations and were inconclusive. Use of 


Heskestad's relation for the virtual origin had a similar effect. 


Pave 


3.2.4 - Ceiling: Jet Characteristic Thickness 


The Ceiling jet growth and thickness is characterized by the two 
parameters & and 2 as defined in section 3.1. The significance of & and 
2 is in their use in positioning sensors and detectors under the 
ceiling. Furthermore, the fluid mechanics of the ceiling jet flow can 


be better understood by quantifying both & and 2 values. 


Alpert developed an integral model for the ceiling jet. In that 


treatment & and 2 are derived as a function of r alone (Alpert, 1971). 


0,067 Oi2 MASO7 - 20), 0/7 § 
Bvmax/P = 0-192 (Qg/paCpTe) ye pee eH (3.17) 


He also assumed that the momentum length scales and thermal length sca- 


Tes tO De the sdmes) i.e. and 2) = 2&7. These parameters, 


Svmax = Tmax 
however, have been expressed in normalized forms of &/H and 2/H assuming 
that & and 2 scale with respect to H (Cooper, 1986). Equation 3.17 
shows that Oman is not effected by variation of Q and other gas proper- 


ties if Q is in order of tens of kilowatts. 


In examining the data for 6y).., it was realized that 6) ../H vs. 
r/H did not correlate for the two heights, but the correlation of 


OV max vs. r holds quite well (Fig. 3.13). An empirical relation for 


Svmax Was developed that shows OT may to be a function, ofe 7p alones 


Se, for all fires were averaged to produce a single value at a given 
r/H. The empirical equation defining variation of Oma with respect to 


r has the following form: 


Syn ae eu OsOL67a (ti) nee 0.26 < r/H 1.0 (3.18) 
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Or simply divided by H would yield: 


6680 02 43 2 


/H = 0.0187 (r/H) H (3.19) 


§ 
Vmax 


Equation 3.18 is limited to r/H = 1.0 since, there was some uncertainty 
in locating Vmax position due to the predisposed positioning of the 
thermocouples. This positioning was coarser away from the ceiling and 
therefore introduced more error in determining 8 Vmax? Aside from 
Alperts' theoretical basis, it is physically sensible to assume that the 
reqion Of ceiling jet near the wall, i.e.) troneeceiling to Van and 
Se is a boundary layer type flow driven by the initial momentum of 


the plume impinging on the ceiling. does not have an analogous 


Svmax 
parameter in the plume whereas 2 is similar in definition for both the 
ceiling jet and the plume. As the plume turns, the region near the 
ceiling, bounded by the solid boundary, behaves like a boundary layer. 
In this region the flow velocity is forced to go to zero from the maxi- 


mum centerline plume velocity and similarly from the centerline plume 


temperature to a cooler temperature of the ceiling. 


A comparison between the empirical equation 3.18, Alpert's formula 
developed for large and small scale fires, and Cooper's (1987) equation 
BV 4 H = 0.023 (r/H)9-9 is shown in Figure 3.14. Cooper's model, as 
mentioned previously, is based on the wall jet theory and shows that 
Syn ae increases indefinitely with r/H. Alpert's formulas indicate the 
same behavior. Physically it can be stipulated that the ceiling layer 
growth would be retarded as the initial momentum of the jet (induced by 


buoyancy from the plume) diminishes and buoyancy of the ceiling jet 
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becomes dominant. This effect, however, is felt on the overall charac- 
teristic oR TORR | PeyMOCeMthaM Site 1S. ONO smane empirical relation 
(equation 3.18) reflects this phenomenon by modeling a gradual reduction 
in the growth of &. The comparison in Figure 3.14, also demonstrates 


that eqn. 3.18 agrees well with the large-scale correlation of Alpert. 
3.2.4.1 - Symax in transient ceiling jet 


Since the velocity was observed to be uneffected by ceiling heating, it 
was expected that S Vmax would also be invariant with respect to time. 
Figure 3.15 show a 3 dimensional plot of S Vmax with respect to r/H at 
various times. The plot shows clearly that there is no significant 


variation in SV with respect to time. 


X 


3.2.4.2 - Ceiling Jet Gaussian momentum thickness, 2y. 
A 


Determination of 2), for all the velocity profiles was a tedious and 
cumbersome task. A fit of the form AxBe-CX was put through every velo- 
city profile’ at steady vstate (a stotalmof, 30 (profiles). Due to the 
scatter in the data, some fits were not satisfactory and 2  wassenes 
determined for those curves. In this exercise, it was observed, again, 
that the velocity data at r/H > 0.75 displayed increased scatter (refer 
to sec. 3.2.2.1). The data of 2)’ correlated reasonably well forw2g/n 
vS. r/H as shown in Figure 3.16. The growth of 2, is retarded as r/H 
increases and it approaches a constant thickness. This phenomenon can 
be explained by a discussion similar to that for SVmax® It can also be 


stated thet 42, scan ‘be"scayéa’ by *H™ since "tL=cnaraclenrizes* tice 1uem 


eons 


jet portion of the ceiling jet flow and it is analogous to the same 
parameter for a plume width. Thys escaleingmsis Valid as jong as fy 
remains much smaller than H. In@ethes tree jet eredion, athey flow. is 
governed by the plume characteristics without strong interaction with 
the solid boundary and thus would be expected to correlate according to 
the plume theory. The empirical relation defining 2, using linear least 


Square fit is as follows: 


gy/H = 0.205 [1-e-**’°(r/H)] (3.20) 


3.2.4.3 - Thermal boundary layer thickness, BT pak 


DISCUSS TON OT Vina applies directly to omar formulation for steady 


state conditions. is a function of r alone, and the data corre- 


Tmax 
lats well for all r/H locations and both heights. Scatter in the data 
at large r precludes a conclusion about how OT fia x varies at large r, 
Ons Lt ST ey Growth cetards.(Figureé, 3abZ). A least square fit of the 


data provides an empirical equation: 


BT ay = 00152 epee (3.21) 


or 


prey ibar CDI SZC /H)*.asuib es (3.22) 
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3.2.4.4 - Ceiling jet Gaussian thermal thickness, 27 


An empirical equation for 2&7 was developed similar to that for 2,. 
Since the temperature data had less scatter, it was possible to deter- 
mine 27, reasonably well, from each temperature profile by interpolating 
between temperature data. For the temperature data, however, the tran- 
sient values of £7 were determined in addition to steady state values. 
Figure 3.18 shows the 27 values for two heights; for all fire strengths 
and at all r/H locations normalize with respect to H. Data from the two 
heights» collapse quiteaiwell” Onto a Ssingie curve: and similar UCmuee 
approaches a constant thickness. This behavior is thought to be due to 
the effect of Ri > 1, i.€. buoyancy becoming a dominant force in the 
flow field. The free jet flow, and thus Le and 2), being effected much 
more by the buoyancy than the near ceiling flow region. The type of fit 


to the data shown is arbitrary as has been for 2Qy. 
Qr/H = 0.112 [1-e-7**"(r/H)] (3.23) 


The empirical equation for 2, and £7 are compared to those obtained by 
otner’ investigators (Figure 3.19). “The formuldasof You sand Faeth (1975 
is* based on’ Alpert's model, but for a friction factor of 0.3. Coopers 
model is based on the wall-jet theory. The models of other investiga- 
tors all indicate a linear growth of 2). This behavior seem to be unli- 
kely considering the physics of low velocity buoyancy driven flows which 
leads to retardation in the growth of the ceiling jet. A significant 
conclusion from comparison of 2, and &7 is that 2, > 2&7. Alpert and 


many other investigators have always assumed 2, = 2&7 which stems from 
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CONSICEl Inge Lhe Tur DULL entmeranaulanumber,y Pre, Lower ls0., The ratio of 


Qy/2£7 varies between 1.6 to 1.9 in the experiments. 


3.2.5 = Ceiling Jet VETOCUCYVEP RO Tell 6S 


Each velocity and temperature profile of the ceiling jet at steady 
state was formed from combining sets of eight data points from 2 to 4 
runs. As described in chapter 2.0, only eight data points at a time 
could be obtained from the thermocouples probe. Consequently, the data 


became somewhat prone to scatter due to this limitation. 


The aim here was to obtain a single empirical equation that defines 
the ceiling jet velocity profile for any fire strength, Q, and at any 
r/H location. Alpert showed that a plot of V/Vmay vs. 2/Ry (where z is 


measured from the meiling) can collapse the data (Alpert, 1971). 


Figures 3.20-23 contain normalized velocity profiles for fire 
strengths of 2.0, 1.0 and 0.75 KW. The maximum velocity and 2, for each 
individual profile were used to generate these plots. In Figure 3.20, 
the 2.0 KW data for all r/H locations and the two heights are plotted. 
It is observed that the data near the ceiling collapses reasonably well 
while away from the ceiling there is a considerable scatter. Part of 
the scatter is due to combining data sets from multiple runs. The very 
low velocity measurements below 0.1 m/s, shown at distances greater 
than z/2)=1.0, are less reliable due to flow not being dominated by the 
radial velocity component at the outer region of the jet. In addition, 


the Froude number effect discussed previously may be playing a signifi- 
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cant role in increasing the scatter. To test this hypothesis, the velo- 
city data for r/H > 0.75 was eliminated from Figure 3.20 and was plotted 
in Figure 3.21. The scatter reduces considerably. The same effect was 
observed for other fire strengths of 1.0 and 0.75 KW (Figures 3.22- 
3.23). Further data analysis revealed that the normalized velocity data 
at 0.26 s<r/Hs 0.75 of the three fire strengths may be, correlaced 
generally well. The result can be seen in Figure 3.24. Again, the data 
near the ceiling collapse quite well. Away from the ceiling, data 
scatter increases. The mathematical form of the impirical f1,Uswae 
selected arbitrary. The velocity data, in general, has an error of +5% 
due to time shift selection resolution (Chapter 2.0) and a +5% error is 
possible as determined by the verification/calibration procedure. An 


empirical relation for the velocity profile can reasonably be defined 


by: 4 


VV ce Lisd a (za yei2® ents? tsath2/2y) )onos0. 26<r7HE0.75 (3.24) 


where Vmax and 2, are defined as functions of Q™, H and r/H for the 


velocity and r/H for 2y. 


Equation 3.24 had a variance of 0.101. A plot of residuals of the velo- 
city data with respect to the fit is shown in Figure 3.25. Most of the 
data seem to fall between +10% of the fit. 


In Figure 3.26, ceiling: jet velocity profiles of) a*Z.00KW fire va: 
two completely different conditions (r/H=0.26, H=0.5 m and r/H=1.0, 
H=1.0 m) were compared with data of Alpert, Cooper's velocity profile | 


model (from Wall-jet theory) and the empirical relation (Eqn. 3.24). 
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Although Cooper's model has reportedly been in agreement with the 
overall data of Alpert, the individual velocity profiles do not conclu- 
sively support the use of wall-jet models for the ceiling jet flow. 
Alpert's data, obtained with a hot-wire probe does not define a velocity 
profile very well. They seem to agree with author's empirical fit at 
z/2£y > 1.0. Cooper's model appears to overestimate SVmnax and seem to be 
broader. The velocity data obtained here shows that Cooper's equation 
for Vmax overestimates the ceiling jet maximum velocity between 30 to 


50% at small r/H values (Fig. 3.3). 


S-GslmenwoLeddy gta lenLempend ture Enotdles 


Ceiling jet temperature profiles were formed in the same way as the 
velocity ,profiles.. The simplicity of thermocouple measurements and 
reduced measurement error lead to better correlations for the tem- 
perature data. The general aim of correlating the temperature profiles 
was to define a single empirical equation as a function of Q* and r/H 


that can be used for any given ceiling jet scenario. 


The temperature data was normalized with respect to ATmax and i for 
each individual profile. Normalized temperature profiles for each fire 
strength of interest were plotted in Figures 3.27-29. In Figure 3.27, a 
total of 10 temperature profiles, (these include all the steady state 
data for the 2.0 KW fire) representing over 30 different experimental 
runs, are plotted showing a very good correlation of the data. The same 
type of correlation is obtained for the 1.0 and 0.75 KW fires (Figures 


3.28 and 3.29). A plot of all the normalized temperature profiles is 
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presented in Figure 3.30. The data in this plot consists of over 600 
data points from 27 different temperature profiles. A single fit to the 


data of Figure 3.30 is as follows: 


AT AInane dae 4 (2) tyes. 0 0092) centremc mca (2225 


The temperature profile iS narrower than the velocity profile pointing 
to the previous finding that 6y... > oTnae andurky: 2 27. A Ini ithisncages 


the data of both heights correlate well. 


To further evaluate the accuracy of the empirical fit to the data, 
the residuals between the data and the fit were computed and plotted in 


Pa gune Sole 


Non-dimensionalized steady state temperature data, Q=0.75 KW, was 
compared with the data of You and Faeth (1978) in Figure 3.32. Their 
data is the most detailed steady state ceiling jet temperature data 
available up to the present study. The correlation is remarkable and no 
discrepancy can be observed even though the fire strength, ceiling and 


configuration of the two studies were quite different. 
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3.3 - Transient Ceiling Jet Characteristics 


A detailed study of transient ceiling jet characteristics has not 
been performed until now. Difficulty in measurement have been a great 
consideration. The transient ceiling jet behavior is important when a 
great deal of emphasis in fire protection is placed on prediction of 
fire behavior and compartment fire-modeling for early detection and 


suppression of fires. 


As established before, the parameters of interest are similar to 


Thee sSLCAdY State pd ame tecS gl sc. Pree Almay wodOuG ll Ged sk.)et wine 


STmax? 
correlation of these parameters, however, can not be based on the same 
normalizing factors as the steady state conditions. The primary dif- 
ficulty in correlating the transient temperature data is that not all 
the non-dimensional groupings formed from dimensional analysis of the 
unsteady energy equation at the ceiling solid boundary can be scaled 


properly. The unsteady energy equation of the ceiling boundary can be 


written as: 
ne (Tg=Tc) + Ke (0T¢/dz) = €0(Tc*-Te”)=pcC> d-(dT/dt) (2226) 


where hc is the convective heat transfer coefficient, p, Ce, and Ke are 
density, heat capacity, and thermal conductivity of the ceiling and d¢- 
is the ceiling thickness. Subscript g refers to gas properties. Non- 
dimensionalizing the above equation reveals three non-dimensional 


groups (Quintiere, 1988); 


uj = Kc/dche (3227a) 


Ny he 


MM = €0Tw*/h¢ (3¥27b) 


™3 = P-Ced/heT (32 7H 


In order to develop meaningful correlations, an experiment had to be 
designed to take into consideration these groupings and be able to 
satisfy a sufficient range of material properties «, p,., C., and K,. to 
quatify the x groups. In absence of being able to develop correlation 
parameters, transient characteristics must be discussed in general 
terms.. For example, he in eqn. 3.27c is a function of (r/H) and plume 


parameters, Q, H, etc., as defined by Cooper (1986). 


he/h = Co Rey 9:3 Pr-2/3#(r/H) (3.28) 
where: h = poCpg'/2 HVv2 Qi/3 
and 


Rey a aye 43/2 Q’3/y 


Substituting for h. reveals that the non-dimensional ceiling jet 
time-scale, Toj> iS a function of ceiling material properties and the 
plume parameters Die: Hs nPo5.8 CD, auandaay. Hence, correlation of the 
transient data requires further sutdy and experiments beyond those 
conducted in this work. A general discussion of the ceiling jet 


focusing on the characteristic parameters will be presented here. 


-98- 


3.3.1 - Extent of transient behavior of the ceiling jet and development 
of temperature profiles with time 

One of the important results from the study of transient ceiling 
jet characteristics can be to determine how fast the ceiling jet thermal 
properties reach a steady state condition. A series of plots showing AT 
vs. Z are included here. Figure 3.33 shows the plot of temperature pro- 
files at times 1, 5, 15 minutes and steady state at r/H = 0.26. There 
is little variation in temperature profiles at this r/H location. 
Figures 3.34-37 show oe OG ATOVS Zale timessoeandusc0 aseconds, 10 
minutes and steady state for 0.75 KW and 2.0 KW fires (the limits of 
fire strengths used) at heights of 0.5 m and 1.0 m. These plots show 
the development of the temperature profiles at the smallest r/H of 0.26 
and largest of 1.0 and 2.0. In general the following observation can be 


made: 


® At small r/H locations the ceiling temperature profiles do not vary 
after t » 1 minute except near the ceiling. Figures 3.33 - 3.35 
and 3.37 clearly show this trend at r/H=0.26. 


e At large r/H locations of 1.0 and 2.0, however, there is a con- 
siderable variation in the temperature profile with time. This 
behavior is especially evident in Figure 3.37. 

@ A close examination of Figures 3.34-37 reveals that Sy,,, reduces 
with time and the temperature profiles broaden. The reduction of 
Stmax iS a significant finding and will be discussed further in 
this section. 

The temperature profiles were non-dimensionalized and plotted as 


Alias Vise z/£zt using the steady state normalizing parameters for the tem- 
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perature and the £7 obtained for each time. These plots, at r/H = 0.26, 
1.0 and 2.0 for Q = 2.0, 1.0 and 0.75 KW and heights of 1.0 m and 0.5 m 
are shown in Figures 3.38-42. In general the plots exhibit little 
variation with respect to time at r/H = 0.26. At larger r/H locations, 
the plots generally collapse onto separate curves for each of the times. 
The Gaussian thermal thickness, 27, correlates the data in z direction 
for all curves. It is interesting to note that the temperature profiles 
for H = 0.5 m collapse together away from the ceiling, but for the H = 
1.0 m, there are distinct curves which do not collapse away from the 
ceiling (Figures 3.39 and 3.41).. This may be partially due to thestace 
that the time scale of ceiling jet transience would be expected to be 


different for the two heights. 


In general, the ceiling jet thermal characteristics do not vary 
appreciably with time after approximately one minute at r/H = 0.26. At 
large r/H of 1.0 and 2.0 the time to reach about 95% of steady state 


thermal characteristics is in the order of 10 minutes. 
3.3.2 - Variation of Stray With time 


It has already been stated that STrax decreases as the ceiling 
steady state is approached. This is physically expected since as the 
ceiling is heated by the ceiling jet, convective heat transfer from the 
jet reduces. Consequently, the maximum ceiling jet temperature becomes 
positioned closer to the ceiling, thus reducing 8Thax® This iS a signi- 
ficant finding since placement of heat sensors and sprinkler heads based 


On SdaneesStimates of Cae can be improved. The data for ST max che hip 
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ferent time along with ATmax data are presented in tables in Appendix 
A3.3. The oTnay data was normalized with respect to its steady state 
value and denoted as 87. = &7,.(t)/87,.,(r) where &7,..(r) is com- 
puted from empirical relation, eqn. 3.21. The normalized data was 
plotted in Figure 3.43 versus time. Although, there seem to be some 
correlation between the data of different r/H locations, the important 
conclusion is that for virtually all cases Rita reduces by about 100% 
from its initial to its steady state value. This change seem to take 
place in the first few minutes of ceiling heating. From Froude scaling 
it can easily be shown that time scale between experiments and real 


fires iS a Square root of the geometric scaling. 
Atmodel/Atfuli-scale = (Geometric Scale Factor)” (3.29) 


It can be deduced that in a real fire, for a considerable time from the 


SEAL Of ther rire. is much farther away from the ceiling compared 


STmax 
to the assumed distance for the steady state conditions. 


3.3.3 - Variation of ATmax with time 


The maximum ceiling jet temperature was simply normalized with 
respect to the empirical equation developed for the steady state ATmax 
values. Figure 3.44 shows the normalized transient ATmay versus time. 
The maximum temperature reaches the steady state value, in most cases 
well before 10 minutes. Analysis of the data shows that ATmax attains 
80 to 90% of the steady state value quite rapidly at small r/H location. 


At r/H of about 1.0, a distance from fire where heat detectors would 
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most probably be found, variations in ATmax and oT aay and the overall 


temperature profile is quite significant. 
3.3.4 - Variations in &T with FeSpeCta lon time 


The value of 2&7 was determined by interpolation using the tem- 
perature profiles at each time of interest. It was observed that 27, in 
general, did not vary significantly with respect to time. The overall 
variation in £7 compared to the steady state value was less than 15%. 
This is physically sensible since the region of the ceiling jet near the 
ceiling is mostly effected by ceiling heating. The free jet portion of 


the ceiling jet characterized by 27 is not a strong function of time. 
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Fig. 3.1 - Schematic of the ceiling jet and its characteristic 
parameters 
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Fig. 3.9 - Froude No. (Fr) effect on flow regime 
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Chapter 4 - NUMERICAL PREDICTION OF CEILING JET TEMPERATURE USING 
TWO-DIMENSIONAL TURBULENT CONTINUITY AND ENERGY EQUATIONS 
The ceiling jet flow can reasonably be described as a 2-D flow 
regime. The important directions are in the radial, r, and vertical, z 
dimensions. The mean flow properties in the third dimension in a 
cylindrical coordinate system, 6, are assumed to be symmetrical and the 
velocity and temperature data have confirmed this (refer to the results 


section). 


The ceiling jet flow is turbulent (Motevalli et. al. 1987a and 
Alpert, 1971) and thus is Sets MALT turbulent flow governing 
equations. Computations of turbulent flows in a variable density 
environment near a wall are complicated by the large number of empirical 
constants defining Reynold's stress and turbulent flow properties. 
Hence, instead of solving equations for all dependent variables, the 


following approach was chosen. 


In the experimental program the mean flow velocity and temperature 
profiles were measured. The conservation of mass, momentum and energy 
dictates that by using either of the measured flow parameters, i.e. 
velocity or temperature, it should be possible to numerically predict, 
the other parameter. Comparison between predicted and measured data 
would improve our understanding of this flow. For a 2-D flow, in 
general, the unknowns are u, w, T and p. Four equations needed to solve 
for the above unknowns are the continuity, momentum, energy and the 


equation of state. If any of the variables are known, one of the 
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equations is eliminated. As a first attempt, w, T and op were treated as 
the unknown variables. Therefore, the measured velocity profile for u 
is used in the computations as the input. The three governing equations 
are the conservation of mass and energy and the equation of state. 


Primary simplifying assumptions for the ceiling jet flow are: 


e Fully turbulent boundary layer type flow 

e 2-D flow in r and z directions 

e Quasi-steady flow conditions 

* No work is done by or on the flow 

e No heat is generated within the flow, i.e. no source term 
e Constant pressure across the ceiling jet 


e Negligible radiation by the gases 


The conservation equations are written for a infinitesimal control 


volume. 
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4.1 - Conservation of Energy 


Using an infinitesimal control volume approach, Fig. 4.1, energy and 
mass flow into this control volume can be written in a differential 
form. Combining terms from the energy balance equations, the following 


is obtained for a quasi-steady flow: 


Figure 4.1 - Infinitesmal control Volume 
The ceiling jet flow can be treated as an ideal gas, thus, the total 


enthalpy is: 


2 
hee. + ~ when u? >> w? 


2 
but, = is very small compared to col for the small velocities encoun- 
tered in the ceiling jet (Mach no.<<1), thus 


h = coT (4.2) 


Substituting eqn. 4.2 into 4.1 rearranging, and cancelling the infinite- 


simal volume drdé@dz: 


[gz (puc Tr) 4-5 (pweaT)Ire[—ge (k BE r)]4L-g5 (k BE)Ir (4.3) 


The order of magnitude analysis can be applied here for the boundary 


layer type flow. All the terms in eqn. 4.3 are of the order 1/68? 
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except the radial conduction term which is of order one and can be 
neglected. Therefore the conservation of energy eqn. 4.3, can be writ- 


LEN tds: 


c, {[-ge (puTr)] + [-g> (ewT)Ir} = r CB Ck $I (4.4) 


4.2 - Conservation of mass 


Using a similar infinitesimal control volume approach, the conser- 


vation of mass would lead to the following: 
ih afe C) 
ape IQUE SS pe Mca ee (4.5) 


The continuity equation (4.5) can be used to simplify the energy 


equation. Hence, the final form of instantaneous energy equation is: 
oT OT Kn Ob 
Pua a EON DW I) Satan alo etary (4.6) 
which along with the continuity equation: 


= (pu) +—g= (pu) + See) . 9 (4.7) 


and the equation of state: 
o = P/RT (4.8) 
form the three governing equations needed for the numerical approach 


described here. 
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4.3 - Favré averaging 


The above equations need to be transformed into turbulent flow 
equations. The classical method for describing turbulent flow variables 
is to set the flow variable x = x + x', where x' is the turbulent fluc- 
tuating component of the flow. This leads to neglecting terms such as 
u p'v' and € p'v" (where € is a conserved scaler) when scaler conser- 
vation of Reynolds averaged equations for variable density flows is used 
(Bilger, 1976). To improve on conventional Reynolds averaging, Favré 
averaging technique is employed here (Favré, 1969). In Favré averaging, 
Quantities are weighted by instantaneous density before averaging. The 
resulting equations are similar in form to the Reynolds equation for 
uniform density flow (Bilger, 1976 and Cebeci & Smith, 1974). In tur- 
bulent flows, the instantaneous governing equations can be time averaged 
to obtain the mean quantities. However, additional undetermined quan- 
tities are present and therefore a "closed set" of equations is not 
formed. A typical new term generated by the time-averaging would be 
xj piu; from continuity equation indicating that there is a mean mass 
interchange across the mean streamlines (Gore, 1987). Hence, the con- 
ventional time-averaging procedure is replaced by "mass-weighted- 
averaging" or Favré averaging. This averaging procedure has been used 
by Favré (1969), Bilger (1977) and others. A mass-weighted mean quan- 


tity is defined in general as: 


The velocity may then be represented by: 


eee U, + UL” (4.10) 
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where u." is the superimposed velocity fluctuation. If equation 4.10 is 


multiplied by 0, then: 
pu, = p(U, + u,") = pu. + pu." (4.11) 


The time-average of eqn. (4.11) leads to: 


pu; = pu, + pu." + p'u, +0 U5! (4.12) 


It can be easily shown from eqn. (4.9) that: 


pq." Si (4.13) 


j.e. from eqn. 4.9: 


thus, pq." = 0 
Now, eqn. 4.12 is simplified to: 


pu, = pu, (4.14) 


since pu." = 0 and 


piu, = 0 (time-averaging of fluctuating component) 
Note that q" # 0 and G = q 
Also, it can easily be shown that: 
We PEG 
The relationship between Favré averaged and time-averaged quantities can 


be further expressed as follows: 
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and 


The rules of Favre averaging can be applied to the instantaneous 


(4.15) 


governing equations (4.6-8) to develop the turbulent flow equations. 


4.4 Turbulent flow governing equations 


Instantaneous eqn. (4.7) 


1 
= (pu) + 


= (pu) 


O(pw) _ 
+ a7 = 0 


is transformed according to eqn. 4.14 


Similarily eqn. 4.4 can be rewritten and time-averaged as: 
1— Ci 0 ,—=\5 _ 3 
Cy Ge Oe re TOLD Ge Seer CAP RC oer 


each individual term can be treated separately as follows: 


Similarly; 


pu'T = 0 


— yw = 


but pul" = pT"u = pT" U = 0 according to eqn. 4.13. 


ww 


O(pw) _ 
Soh mee 0 
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= 
sf 
Nica 


———=— 
~~ 


puT = p(U + u") (T + 7") = puT + puT” + pu"T + pu"T" 


(4.16) 


(4.17) 


dad 
Se 


then pul = puT + pu"T" (4.18) 


Furthermore, the K _ term can be written as K oiptie) 


The same operation can be performed on (pwI) term, thus the energy 


equation becomes: 

Lt moe 8 tg mo, 2g aes. 3, OT 
CoC p (put + pu"T ) +a (euT + pu"T")+ 57 (PWT + pw"T") j= 57 (k a2 (4.19) 
Rearranging and dividing by Cp! 


15> Barone se a a 
i=) PU le toe DUN) Etacas apse! 


-3 (£9) -bor+t wr) +S o"™M) (4.20) 


1 
m 
N 
(eo) 
jo) 
N 


Expanding the left hand side of eqn. 4.23: 


[= pu + sz (pu) + + (pw) JT + [pa § = + pW ele right hand side 


The first bracketed term is zero due to SERA thus: 


pit + pw ete S(t oh - [2 purt™ + -S-(pu"T™)+ (owt) (4.21) 
p 


The last term of eqn. 4.21 (bracketed) is the turbulent diffusion of 
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heat flux. The terms = pu"T" and —S-(pu"T") of the turbulent diffusion 


flux are assumed to be negligible with respect to a (ow"T"). 


but: pw" T" = of (w"T") = (Wolo) e | = o(w"T") + o(w"T")" (4.22) 


o(w"T")" = 0; according to 4.13 by definition. 


~ 


Then: pw'T" = pw'T" 


~ 


but WT = p WT / p= pw = wT 


Finally: 
pw't™ = pwr" (4.23) 


PUne ete RW a5u2\oa5 (con 57 7 P w'T") (4.24) 


It can be reasonably assumed that w"T" can be modeled similar to w'T'. 


~~ 


ae. = at 


as: 
puiz= + OW 2h aaa Mes + pe.) az (4.26) 


which is similar in form to the Reynold's time-averaged turbulent flow 


energy equation. The difference between Favré averaging and Reynolds’ 
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averaging for variable density flows is that in Favré averaging the tur- 


bulent fluctuation quantities are not neglected and are embodied in the 


Favré averaged terms. 


Equation 4.26 can be written based on the effective turbulent visco- 


sity and effective Prandtl] number by considering the following relations 


but first rewriting eqn. 4.26 as follows: 


SeAGhi Gis ae OT 
pu s- + pW a— = > [p (a + €) a 


but: pa = — 


Pr 
a = ae 
and pe. = Pre = Pre (p V4) 
however; 9p Ve = Uy 
oe Hepp = H+ HE 
then: 
pee = (iH) 
Hie "Rew Satie es 
=- 1 
now: ates \ tees 
p( H) eine Pry (uy - H) 


B(a+e) = pete Bea (y - wy) 


Finally the energy equation is written as: 
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(4.27) 


(4.28) 


(4.29) 


=~ FO lee ad | aeeeO aT i 
pd 5p + OW Bz = —az ( ¢ a7) a 
where @ = a 
eff 


The equation of state for ideal gases can also be written using the 


Favré averaging as follows: 


nae oh Raw (4.31) 
R 


ids 
R pT 
6 


thus, if P = P, then the Favré averaged form of equation of state is 


identical to the time-averaged form. 


4.5 - Turbulent eddy viscosity and closure of the energy equation 


If either u or T are known, e.g. from experimental measurement, then 
the three equations developed here, namely 4.16, 4.30 and 4.31 can be 
used to generate numerical solution for the other flow parameter. The 
numerically predicted data can be compared to the measured values to 


evaluate the numerical method. 


The system of three equations; continuity, energy and state are 
solved to obtain p, W and either T or u. In the current case of t being 
known from the experimental measurements, the following models are used 
to close the equations by approximating the fourth unknown, the effec- 
tive viscosity Voges From the work of Patankar and Spalding (1984), a 
Prandtl mixing length and a Van Driest model are used to model the 


mixing length. In general: 


-159- 


= po? | Wire (4.32) 


using the Prandtl] mixing length hypothesis: 
Oussze< A&/C, (4.33) 
2 = KE AS/C, Ce (4.34) 


where & iS a Characteristic thickness of the ceiling jet and & = z where 
u/u = l/e. Patankar and Spalding (1984) showed that a C/A ratio of 
8.0 using a C. = 0.8 and A = 0.1 works well for boundary layer type 
flows. If a Van Driest type model is employed (Li, 1987) the following 


Can be used to compute a turbulent mixing length: 


g? = Min{[0.4z (1 - exp (-5)) 1? (.0758)?} (4.35) 
where: 


1 / 
Anen26gh) p-+ tases ty (YAP) 91/091 /25 069739299398) a ee 
p 0.0225 uy Unaxe pu ax | 


and &=z at u=0.1 up in the outer jet layer (i.e., beyond the point of 


maximum velocity). 
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4.6 - Numerical method and domain 


For the two-dimensional ceiling jet flow the numerical domain in r 


and z is shown in the figure below: 


z| i 


i=t\ Cez) 
= tp 


r 


FF uU=O 0 we0, l= 1c 


Ambient Temperamure 


Figure 4.2 Grid used for numerical calculations 


The mesh distribution was selected to be fine near the ceiling, coarser 


away from the ceiling (in z direction), and uniform in r direction. The 


left-hand-side of the numerical domain, r = ro is selected to be just 


outside the plume impingement zone, i.e., r/H = 0.2. The z-direction 


domain starts from z = 0, at the ceiling, to four times the charac- 


teristic ceiling jet thickness at the largest r/H value of interest. 


The fine mesh size near the ceiling was set to 0.2 of the ceiling jet 


maxima, bmax? as defined by Cooper (1987). Equations 4.16 and 4.30 are 


normalized in the r 


and z directions for simplicity by the following: 
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This normalization does not effect the form of eqns. 4.16 and 4.30 and r 


and z are simply replaced by f and Z respectively. All parameters are 


then evaluated at f and 2. 


Equation 4.30 is a non-linear second order partial differential 
equation. All the equations are coupled through p which is a function 
of T. After careful consideration of different schemes, an iterative 
marching technique was selected for solving this problem. The proce- 


dure, summarized here, was as follows: 


1. The velocity field was mapped using the experimentally-obtained emi- 
pirical equations. Since the steady-state and transient velocity 
profiles were found to be the same, the steady-state empirical 
equations are valid for the transient condition. An initial guess 
of the temperature field was obtained using the maximum ceiling jet 
temperatures and a guassian profile. 


-(z/2)? 


ATS itiay br o2) 2 AT Wax (rie (4.37) 


2. An initial estimate of the flow density, based on the above AT, was 
computed using the equation of state. The boundary conditions, 
described in the following sections, and the initial velocity and 
temperature field provided the necessary information for the numeri- 
cal solution. Similarity, Hope WaS evaluated using either of the 
mixing length approximations, eqns. 4.33-4.35, and mapped throughout 


the numerical domain as an initial estimate. 
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3. 


Starting from i =2 and j = 2, the numerical solution can be solved 
by marching down in z direction, positive i. At every it location, 
the computation is iterated until the convergence criterion is 
satisfied. The vertical component of the ceiling jet velocity is 


obtained first by integrating equation 4.16. 


2j 
(2) = -2 |CE (Bu) + $e (Bu) Jez (4.38) 
0 


at a given f location. 


The integeral of eq. 4.38 is evaluated using the Simpson's Rule. 
After obtaining w, the energy equation, 4.30, can be solved for T 
using the calculated W in addition to ¢ and p of the initial 


guess. Subsequent to determining a Tj value, the Pig value was 


then updated by equation of state. This procedure is iterated 


until Th is converged at every ith location for a given r value. 


The first r location values of the temperature were then used to 
march in the r direction thereafter, repeating the procedure 
described in [3]. The ceiling jet flow is treated as a quasi-steady 
flow and as such is only effected by Changes in the ceiling tem- 
perature. The ceiling temperature is a boundary condition and 

its temperature changes as a function of time. Therefore, the 


ceiling jet flow can be solved as a steady-state problem for each 
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time step according to the described procedure. Upon completion of 
marching in r direction, the boundary conditions are evaluated at a 


time t+At and the same procedure is repeated. 


4.6.1 - Discretized equations 


The continuity equation, integerated to obtain w can be discretized 


as follows: 


ow ~w 


Day aij ete {cd Pig Mag t CPajaragar ~ aurstaneseatte tel, my 


where central differencing is used since u is known and p can be esti- 


mated quite accurately. Using Simpson's Rule: 


7 (FEF, 1 + 4fyy + fe] +B, (4.40) 


iieidoe i- 13 i-1j 

where f represents the bracketed quantity in equ. 4.39. 
Backward differencing is used for all first order gradients in z 

and r direction since a marching technique is being used. The final 


discretized equation for T is in the following form: 


™ Clive By +C Ai,> 
1h as af j 1 » s e 
lj ‘py’ M4415 + [ aT + (ST 5-1 (4.41) 
where 
A, = P5gu,5/ar (4.42a) 
By = Pj i 5/42 (4.42b) 
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= (95495 + o, 5)/2(d2)° (4.42c) 
. CART + 0, 5)/2(A2)? (4.42d) 
A, + B, “ Ci “ Co (4.42e) 


4.6.2 - The Boundary Conditions 


The ceiling jet boundary conditions are described below: 


at 


at 


at 


= 0; u-=0, W=0, T = ceiling Temperature TA 
f = f_; G is specified, T is the same as plume temperature 


entering the impingement zone (see the following analysis). 
A Gaussian profile is selected for the initial temperature 


profile. 


en hee ol ety las 
where h is the limit of the computational domain. h was 
set to 3 to 4 times the characteristic thickness of the 


ceiling jet, 2, (Cooper, 1987) evaluated at the f = i Beige 
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4.6.2.1 - Estimate of the inlet boundary temperature of the Ceilingarer 
from the plume temperature profile 


At the impingement zone and the turning region, a control volume can 


be specified as shown below: 


Ceiling 


(0) 


Ss 


Figure 4.3 - Impengement zone and turning region 


Since the impingement zone area is small compared to the total ceiling 


area at r/H < 0.2, radial conduction heat transfer and radiation modes 


are neglected relative to the convection heat transfer, Qe: A simple 
energy balance can be performed on the specified control volume, 
yielding: 


moh, = Q. +mh (4.43) 
and 


eae) (4.44) 


where A. = ceiling area of the impingement zone. 
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Applying the ideal gas law, and assuming constant specific heat, 


equation 4.43 becomes: 


ane Me) + Mm, Colo 


Dut at the” starteotethestines, 'y al ange) eo alos Substituting and 


rearranging equation 4.43: 


h_A 
CAG 
Hing Sper mere [hep Cal (4.45) 
m;C, 
But: mo = Py 85 Wo Where AC is the’ plume area 


and it is reasonable to assume that A, = ny. 


Then: 


he 
Co ye 
0 j PoC pWp 


foe) (4.46) 


From plume correlations (Beyler, 1986): 


epies Oi eal! 


WPmax 
if W ot 
Pavg. 2. p max 
then wy = 0.65 Qi/3 q-3/s (4.47) 


Also according to plume correlations: 
Ps 2/3 y-s/3 
ATpnax 2240 H 
and similarily; 
1 


Arenal @anhaanes Al paavenect Qa aHshis (4.48) 


Now substituting 4.47 and 4.48 into 4.46 and rearranging leads to: 
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h 
Tor Paeeleroesn0 ne : = (4.49) 
pp 


It is necessary to estimate ne at this point. Using a model developed 


by Cooper (1982), 


— = 8.82 Re Pr (4.50) 


where he is the characteristic plume convective heat transfer coef- 


mICIent. 

he = Pe See Eh Mr 
Reynolds number is defined in Cooper's paper (1982), as 

Rey, = gi/2ys/egi/ayy_ (4.52) 
then: oh, = 8.82 p, C, vudd 2 git se Haid O78 praz73 (4.53) 


The plume density, Po» in equation 4.49 can also be approximated using 


the Bousinessque approximation as: 


P. 2/3 -s/3 Pe 
Pp. = AT, Tren ey. Lie OoeaH (7) + Po (4.54) 
substituting equations 4.54 and 4.53 into equation 4.49 will lead to: 


PBs Oca peecmny 1/2 gi/s H-1/6 gxi/s pr-2/37 
T skoeT io eel 6 69237 O80 Hat ie eee eae Sa eee 
j 0 11 g2/3 y-s/3 (=) + De 


For the worst case expected here, i.e. 


Q. = 2 KW; Q* = 0.01 and H = 0.5m 


T, - Un = 0.0089 °k 
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Therefore using the plume temperature profile as the input to the 


ceiling jet flow is quite reasonable. 


4.6.2.2 Solid Boundary Condition, Ceiling Boundary 


A simple energy balance on the ceiling can yield the necessary con- 
ditions to define the entire solid boundary. The ceiling condition, 
which is a function of time, governs the changes in the ceiling jet. 
The energy balance for the transient ceiling heating can be stated as 


follows: 


Total energy transferred to the ceiling by convection + 
Heat transfer by conduction in the ceiling 
- heat lost by radiation from the ceiling surface 


= change in the ceiling internal energy 


Control Volume 


Insulated aC gin 


\ 


7 Ceiling 


Figure 4.4 - Ceiling Boundary Heat Transfer Model 
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AZ. 
ee NEA a & = ea: 
h AAT ( KA : EoA(T ro) PoC. A 5 


fed) 


+ 


ar. (4.55) 


where subscript c refers to ceiling parameters and do 15 thesceiiing 


thickness. It can easily be shown that hAT = -kg at for the gas below 
the ceiling, thus equation 4.55 can be written in the following form 


after cancelling the area, A, from all terms: 


Kod - kggt - €0(T,* = T,") (4.56) 


ceiling gas at ceiling 


Az 
‘ ¢ aT 
4 Poo ot 


where . and Kg refer to the ceiling material and gas thermal conduc- 
tivity respectively. 


Rearranging equation 4.56: 


> 


Pe, 
ol _ Kg/Ke a =e ellic seal oh) eee ot (4.57) 


vezam tot 
ceiling gas 


Equation 4.57 can be discretized to solve for the ceiling tem- 


perature at a time t = t + At (T,"*+); 


T n+1 


C AtT. + At.AtTe* 


Lee 3 
a 3 
At AtsAtT. + 1]T. (4.58) 


= At AtT (i#1) + At 
+ [-At,At - At, 


where all At's are constants (see appendix A5.1) 


To obtain the ceiling temperature distribution, a one-dimensional 


unsteady-state heat conduction equation is used. 
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827 aT 
K Saye aenc (4.59) 
C 972 qd 


e 


Equation 4.59 is written in its discretized form as follows (Karlekar 


and Desmond, 1977) 


n+l 
T 


At : : 2 : 
1At Eire We + T.(i+1) + (AE Et - 2) UA GeE (4.60) 
The backside of the ceiling is insulated and the heat transfer equation 
for the back surface node is written as: 
geet Cp Mtl eis (4.61) 
The stability criterion for the ceiling transient time step can be 


obtained from equations 4.58, 4.60 and 4.61. It is obvious that 


equation 4.58 is the dominant relation. 


3 
At s 1/[At, + At. + At, ie J (4.62) 
The term Atle in equation 4.62 is an implicite term, however, a closer 
examination shows that for the highest expected ceiling temperatures of 


5 and much smaller than other 


T. = 400°k, At,T.* is in the order of 10° 
two terms. Using ceiling properties from Woodhouse & Marks (1985) and 
assuming constant gas conductivity of 0.026 W/m °K, the maximum time 


step for AZe = d¢/2 = 0.0064 m is: 


At < 40.98 sec. 


7 


where: 0d) =9!.2°x) LOu m*/s 


0.0485 W/m °K 


aN 
u 
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Kg = 0.026 W/m°K 


8 


52 66.X 10 sah W/m* o Ke 


a 
iT) 


4.6.2.3 - Algorithm to solve for the ceiling temperature 


1. An initial estimate of the ceiling jet temperature near the ceiling 
is used to solve for the ceiling temperature at t = OF (e.g., t=1 
second) using equation 4.58. The ceiling is initially at the 


ambient temperature and therefore all initial conditions are known. 


2. Consequently, equations 4.60 and 4.61 are solved to obtain Me at 


every node at t = t+At. 


3. Using the ceiling temperature just computed, the ceiling jet tem- 
perature at the closest point to the ceiling is calculated from 


equation 4.41. 


4. Steps 1 and 2 are repeated at the same time, t, to obtain the 
ceiling temperature distribution based on the ceiling jet tem- 


perature calculated. 


5. Steps 1-4 are repeated until i does not change at t=t+At (i.e., 


jterating at the same time step). 


6. The ceiling jet temperature distribution is solved for all ith nodes 


at this jt) location. 


7. At this new jt) location steps 1-6 are repeated. 
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Once the entire ceiling jet solution at t=t+At has been obtained, 


steps 1-8 are repeated for a new time. 


This process continues until the ceiling reaches steady-state con- 


dition. 
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Chapter 5.0 - NUMERICALLY PREDICTED CEILING JET TEMPERATURE 
PROFILES: COMPARISON WITH THE EXPERIMENTAL DATA 

The numerical method described in chapter 4.0 was tested for the 
case of a 2.0 KW fire and the two different heights of 1.0 and 0.5 m. 
The aim of this exercise was to model the thermal characteristics of the 
ceiling jet in absence of correlation of experimental transient ceiling 
jet temperature data. As discussed in chapter 3.0, all three none 
dimensional groups from non-dimensionalizing the unsteady energy 
equation could not be scaled properly to correlate the transient tem- 
perature data. A solution to Franeient ceiling jet characteristic 
however, became possible through this numerical-empirical exercise. An 
empirical model for the velocity profile was used as an input into the 
numerical solution whose Output was the ceiling jet predicted tem- 
perature profile. Since it was determined that the ceiling jet velocity 
was not a function of ceiling heating, it could be used to solve for the 
transient ceiling jet temperature. Before discussing the results, a 


brief description of this exercise is presented. 


The numerical code is designed to use either the simple Prandtl 
mixing length or the Van Driest model for the turbulence length scale 
(listing of the computer code and a table of constants used in the code 
are provided in appendix A5.1). The Prandtl] mixing length seemed to 
work better than the Van Driest model which caused instabilities in the 
solution. Due to selection of the marching technique, the solution was 
quite sensitive to the input and the initial guess of the parameters. 


The mesh size and distribution was selected arbitrary based on some of 
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the existing empirical relation for & Variation of mesh size did not 
effect the accuracy greatly, but did create numerical instabilities. 
The numerical solution converged quite rapidly in less than ten itera- 
tions for most nodes. When a high number of iterations was forced, the 
solution did not improve. It should be noted that the numerical tech- 
nique can be greatly enhanced or refined, but the main aim of this exer- 


cise was achieved using this approach. 
5.1 - Comparison of the Numerical Prediction with the Experimental Data 


In general, the numerical predictions seem to be in good agreement 
with the experimental data. Although the shape of the predicted tem- 
perature profiles may not have agreed with the experimental profiles at 
different times and for some r/H locations, the predicted maximum 
ceiling jet temperatures were normally within less than 10% of the 
experimental data. The numerical prediction of Say? however, can not 
be evaluated exactly since the experimental data was biased by the fixed 
distribution of the thermocouples in the probe. However, there is 
general agreement between measured and predicted §Trax’ The numerical 
SOiuU Cmmsee aLOmDemOuULLesGODCmIneDrediCLinduestT. maneuresults: presented 
in form of plots have been arranged according to time and ceiling 


height. 


A comparison of the experimental data and the numerical prediction 
is presented in Figure 5.1. The results are plotted for t=30 seconds 
and r/H locations of 0.26 to 1.0. The numerical results were computed 


for r/H=0.25, which for all practical purposes is the same as r/H=0.26. 
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Figure 5.1 shows a very good agreement between the experimental data and 
the numerical prediction. At larger r/H locations this agreement is not 
as good, but reasonable. Figure 5.2 is a three dimensional plot of the 
data of Figure 5.1. This plot shows that the general development of the 
experimental and numerical profiles are quite similar. Figures 5.3 and 
5.4 are plotted similar to the previous two plots, but for the H=1.0 m 
case. For the early time of 30 seconds, the agreement seem to be quite 


good. 


Figures 5.5 through 5.8 show the same type of comparison for the two 
heights at times 10 and 34 minutes. The numerical prediction for 
H=0.5 m, seem to develop some irregularities near the ceiling and does 
not agree with the experimental data as the case of H=1.0 m. Figures 
5.6, for example, displays a very good agreement between predicted and 
measured temperature profiles. Examining Figures 5.7 and 5.8, it beco- 
mes evident that the numerical prediction for r/H=0.5 and at t=34 minu- 
tes does not agree with the experimental data. Numerical prediction at 
r/H=0.5 seem to behave similarly at all times and its disagreement with 
the experimental data worsen with time. No physical reason or numerical 
error could be found to explain this discrepancy. In general, the 
agreement between the experimental and numerical data is best at early 
time and small r/H locations. Figure 5.9 also exhibit the same general 


trend as discussed. 


Figure 5.10 shows the development of numerically predicted tem- 


perature profiles with time and r/H locations for the H=0.5 m case. It 
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is readily observed that the position of maximum temperature, Sponge 
moves toward the ceiling as time increases. This iS in exact agreement 
with the experimental finding. The overall ceiling jet thermal charac- 
teristic thickness seem not to vary with time. This is similar to the 


conclusion drawn from the experimental results. 
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Chapter 6.0 - CONCLUSIONS 


A number of qualitative and quantitative conclusions are drawn from 
the research conducted on ceiling jet characteristics. To simplify 
interpretation of these conclusions, they will be presented in the same 


order as that used to present the results. 


The cross-correlation velocimetry reennince was enhanced and 
verified during this investigation. This technique can be used to 
measure the mean velocity of low-speed, highly turbulent and non- 
jsothermal flows that demonstrate a preferred flow direction. This 
technique can also be used to obtain mean temperature of the flow. The 
measurement technique is limited, at the upper-end of flow velocity, 
by the data acquisition and computer capabilities and by the intensity 
of thermal fluctuations and the degree of preferential direction of the 
flow at the lower speeds. Extensive investigation of the cross- 
correlation velocimetry showed that at least a +2°C fluctuation about 
the mean temperature of the flow is essential for the velocity measure- 
ments to be reliable. This technique can be used to measure the pre- 
ferred velocity component of the flow to within +5% accuracy for the 


flow conditions and limitations described. 


It was observed that the ceiling jet velocity does not vary with 
time and is not significantly effected by ceiling heating. Thus, the 
steady state velocity measurements and empirical results are valid for 
all times. There is disagreement between the empirical relations deve- 


loped for the maximum velocity in this study and that developed by 
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Cooper. Thus, it is concluded that the wall-jet theory, which is the 


basis for Coopér's model, can not be used without modification. 


The steady state data was correlated with respect to parameters 
developed from dimensional analysis of the ceiling jet governing 
equations. These correlations led to empirical relations defining the 
velocity profile, V(r,z), the temperature profile, AT(r,z), the Gaussian 
characteristic thicknesses, 2 (r/H) and -(r/H), and the thermal and 
momentum thicknesses, Sr max lh) and bya vine respectively. From analysis 
of the data, it was concluded that the ceiling jet flow can be con- 
Sidered to have two regions, one near the ceiling being strongly 
effected by the ceiling heating, and the outer jet region beyond the 


point of maximum temperature, & The latter region has the charac- 


Tmax" 
teristics of a free jet and is characterized with the Gaussian 
thickness, 2. This explains how & parameters are a function of r alone, 
while 2 is a function of r/H. This study also concludes that while the 
integeral analysis of Alpert (1971) has formed the basis for most of the 
work in ceiling jet studies, his experimental results may have to be 
adjusted. In addition, it 1S conclusively observed that LyFLr, as 
opposed to the current assumption of these two quantities being equal. 
In general, there iS some agreement between the results from this study 
and those of other investigators. The degree of this agreement varies, 
at times, considerably. It is suggested that this investigation may 


have provided detailed and needed data for the steady state ceiling jet 


and may have made some improvements on the existing empirical relations. 
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The. significant finding in. study of the ceiling jet transient 


Characteristics deals with the value of & and the ceiling jet ther- 


Tmax 


mal time scale. It was conclusively observed that & reduces at 


Tmax 
steady state by nearly 100%, compared to early times, at r/H of 1.0. 
This finding points out that the distance from the ceiling of heat sen- 
sors may need to be modified since the early time is critical in detec- 
Tidn mOt Tires. Furthermore, it is quantified that at small r/H 
locations (about 0.2) the ceiling jet thermal characteristics reach 
steady state values quite rapidly, in the order of 1.0 minute. Farther 
away from the impingement zone, this time scale increases to about 10 
minutes. In general, for all the cases studied here, the ceiling jet 
steady state was reached (at about 10 minutes) much before the ceiling 
reached its steady state. The ceiling jet steady state was defined here 


arbitrary as when no more than 5% change in its thermal characteristics 


could be observed. 


The numerical solution provided a correlation for the transient tem- 
perature data. The numerical solution models the radiative and con- 
ductive heat transfer in addition to the convective heat transfer. The 
agreement between the experimental and numerical results were quite good 


and the same behavior of & and 27 was observed numerically, as was 


Tmax 
seen in the experiments. 
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Appendix A3.1 


Appendix A3.2 


Appendix A3.3 


Appendix A5.1 
Appendix A5.2 


APPENDIXES 
Averaged ceiling jet temperature and velocity 
data, 2.0 KW fire, H=l.0 m 


Averaged ceiling jet temperature and velocity 
data, 2.0 KW fire, H=0.5 m 


Tables of variation of ceiling jet maximum 
temperature and its position with respect to time 


Constants used in the computer code and its listing 


Tabulated results of the computer program 


-191- 


APPENDIX A3.1 - 
Tabulated averaged ceiling jet temperature and velocity 
data: 

2.0 KW fire 

H=1.0 m 

r/H =10e260, 0.51 0.7 seandel.0 


Times: 5 and 30 seconds 
1.74. 10s 21 Geecc 20 ode aeninuces 
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Ceiling Type Fiberboard 

Fire Strength= 2.@ KW 

Ceiling to Floor Height, H: 1.2m 
Probe Location (r/H): 0.26 


Time= S seconds 


2 (am) Yelocsty (n/s) Deita T <C} = (nm) Velocity (m/s) Deita 7 (C) 
Ie 860 re Be ay 913 29.50 
6.2 074 29.39 10.0 oie, 23.5) 
122 $60 28 .61 19.6 770 di 28 
2.3 779 23.57 40.7 434 16.20 
Filer 416 14.79 45.9 404 Ss 
4a 9 $78 10.2? Shs 642 19.65 
Saa: ey) 8.29 53.0 767 Bak 
533 Heke 3.23 ens : a 


MPXIMUM YELOCTTY (mvsy= 974 Position of maximum (em= 6.25 
MESIMUM GLIA T (Co= 29.57 Position of maximus .anJ=10.25 
Bata Set [.0.: C2HIRZ5TSS 


Time= 30 seconds 


2 ey Vercerty \n/s) Jeita | (C) z (nn) Velocity (a/s) Delta T (C) 


x 283 37.36 Sr 887 39.05 
629 1.009 31909 10.0 887 37.47 
hove sts 33.52 19.6 vee 31.68 
23:2 070 26.54 40.7 500 16.49 
12) i? 14.93 ee Al 512 31.87 
4920 487 9.97 $1.3 388 8.79 
S222 430 7.43 $8.6 349 S229 
64.9 Pig Paes 90.3 085 04 


MAXIMUM UELOCITY (n/sd= 1.009  Posation of naxinun <nm)= 6.85 
MAYIMUM DELTA 1 (C= 39.05 Position of maximum \mn)d= 3.68 
Qata Set 1.0.: 2H1RZ6T20S 
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Time= 1 minute 


a) Velocsty ims, eita an G3 eat WD Yelocsty (m/s? velta 7 <C: 
Net 975 39.50 Sent 875 40.21 
6.3 1.909 38.03 10.0 929 36.18 
et a aa 3.29 19.6 202 32.62 
eons 732 27.60 40.7 516 15.73 
427 504 14.01 5.2 535 10.9! 
450 ore Si.3 AIG) 10.72 
oe 2 489 6.79 £86 454 4.35 
64.9 730 ery 90.3 cai 19 

MANIMUM VELOCITY tavs= 1.009 Position of maximum (mmJ= §.85 

mOyTMim Fits 7 (Ck= 40 3} Sositicn of maximus (mn)= 3.68 

Bars asetescen: GTHIRCE! 

Time= 4 minutes 

2 (AR) Welocrty (m/s) Delta T (C) 2 (pm) Velocsty (m/s) Delta | (C) 
ne a36 42 55 Sag Fa $2 76 
3.9 1 046 40 44 10.0 9S 39 64 
oie ate 37.45 19.6 B15 33 .88 
ae 1 78.69 40.7 £31 19.65 
427 Sis 18.42 45.9 $65 15 .94 
ac 0 ssc 14.04 a3 572 11.55 
Sate 545 12.54 58.6 $11 hase 
54.9 338 5.50 90.3 346 1.5 


MAXIMUM VELOCITY (n/so= 1.049 Position of maximum (mn)= 6.85 
MAXIMUM DELTA T (C= 42.76 Position of maxzmum (mn)= 3.68 
Data Set 1.0.: Q2H1RZ614 
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Time= 1@ minutes 


zosn) Velocsty tm7$7 perta tent z ism) Veloorty (mvs. Delta | <C) 
1.7 598 cube 3.7 888 1750 
tee 1 020 33.7] 10.0 965 39.13 
ites 836 37,19 13.5 818 33.39 
ay 785 28.25 40.7 S62 17.67 
a2 530 19729 45-9 610 13.7 
5.0 565 Poh $1.3 483 11.96 
Size 574 10.52 58 .6 490 7.62 
649 445 Se! 90.3 486 1.62 


MORIMUM VELOCITY <avsv= 1.020 Position of maximum imay= 6.85 


’ ° “RY = 4 2 = ral 
mOxTMim ACL Ta T C= $2.02 Pesztien of maxisum (mm)= 1.45 
Sata set 1.9: ewes ie 


Time= 16 minutes 


2 om Yeloczty (m/s) leita | (C) 2 im) Velocity (m/s) Delta I (C) 
an ei 4053 aN 252 40.35 
2.3 S78 36.35 10.5 906 37 80 

133 RRS: 35.26 19.6 800 Seec5 
aes tae i709 Stl 545 16.30 

ane 530 heat 45.8 Sil 12.85 
40 9 485 piece $1.3 £01 12.02 
Sues 447 9.73 58.6 40] Five 
04.9 319 5.08 0.3 239 2.13 


MAXIMUM VELOCITY (avsi= .976 Position of maximum (mm)= 6.85 
MAXIMUM DELTA T (C= 40.65 Pesition of maximum (mm)= 1.65 
Gata Set I.0.: QZHIR26116 
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Time= 22 minutes 


Zan Jerocsty (m/s: Gerson los Veloesty (mvs felta 1 <f) 
it es 41.78 3.0 988 41.41 
| 1.028 39.34 19.8 967 39.54 
oe Ane Be .60 19.5 362 33.19 
3 145 28.34 40.7 51] 17.36 
27 455 16.33 5.9 wit 13.78 
45° 400 2.30 Bice 196 13.11 
S22 477 10.43 e) 438 ee 
54.9 567 G4! cers gaa cee 

MAXIMUM GELOCTTY a/sy= 1.020 Position of maximum (am)= 9.85 

movTMim AELTS f <f)e 41.78 Pesition of maximum wae i .$9 

Batasset Lut Bree lieu 

Time= 28 minutes 

2m Veloerty (m/s) Qelta 7 (C) z (am) Welcerty (m/s) Delta ? <0} 
ae 552 42? a 381 40.74 
5.5 oes 35.36 19.9 317 3? 46 

isz 363 Sete 19.6 189 31.33 
oe ni pure 497 9 ees 

427 best lé.2 a 335 14.06 
0. Ss aes? alee 508 10.8 
Bees! 381 10.9! 38.5 44 7.78 
ties i Rect 90.2 ill tas 


MPMIMUM VELOCITY ‘avsp=  .965 Position of maximum (mm)= 6.85 
MAXIMUM DELTA T (Co= 41.22 Position of maximum (an)= 1.63 
Qata Set 1.9.: Q2H1R26128 
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Ceiling Type Fiberboard 

Fire Strength= 2.0 KW 

Ceiling to Floor Height, H: 1.0m 
Probe Location (r/H): 0.5 


Time= S seconds 


= <na) Velocsty \m/s) Ceita T (C) z (sm) Velccrty (a/s) Delta { (C) 


oe eee cases ces Co Seen ow Sw Co ween ones comme cosmo eee ems Os ee eee ees cee oo ee te oe eee ere eee see 
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tho oe. 

or <2 
- oc as 

av 

ie} 

- 

73 

ass 


a 
an 

= 
Ww 
~ 
~ 
~™m 
~ 
~m 


MAXIMUM VELOCITY ‘avs)= 535 Position of maximum (an)#13.29 
MSXIMUM OELIA T (C= 29.40 Sosizicn of maximum (pn/210.12 
Cata Set i.0.: Veni RST z0S 
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Time= 1 minute 


ecccocecce ccc ew one coe eww ee cece ceoecece cco coecce woeececeo on cee ewe ceo eeeoeoesonceecosoccocecoece 


Le 397 17.4 3.8 $0] 19.71 

?.0 405 20.26 10.1 £10 20.67 
eae: g26 20.48 193? 507 20.37 
25.0 493 16.95 5.7 356 18.24 
37.7 249 13.99 $0.9 isl 16.36 
444 ils 15.59 lies oof 15.76 
51.4 286 14.3 Gsa5 325 14:08 
Sela BEE ee bin hy rer: 
69.2 ram, 7.06 (eve 265 5.50 
75.5 LS 4.31 Teer 250 sees 
wo 333 oene 95.3 325 ek: 
3.4 : bist 115-8 : ifs 
MAMIMUM VELOCITY in/sy2 528 Posszzon of maximum (emv2li.c2 
MARIMUM DELTA 1 (C)= 20.6? Position of maximum (mn)=10.13 
Gata Set 1.0: Q2HLPSTi 


Time= 4 minutes 


2 (nm) Velocaty (m/s? Delta i <¢) Zz (an) Velcerty (m/s) Deita | (C) 


wee ceeeocecocrcec coco ce ooo eo ceoococecoocoeoccooccec ee comes ce cece en ee ew ooo omen ow coc ee cence esc aoe see ooe 


1.8 tet 19.86 3.9 S37 21.85 
he ede 22.83 10.1 eld 22.16 
bua 303 2b] 1337 Act 20.96 
2.0 480 19.54 sou 67 19825 
ty oe 18.8? 40.9 easy (84 
440 be 17.84 fic3 214 LichZ 
51 318 5259 §3.5 2g 15.79 
59 281 13.38 3 67.2 18? 8.64 


~s 
wn 
d Ceo © * OF Fd 1D 
mM 
‘Oo 
Qa 
. ayn 
aS Bar eR, ae ees 
ass 
Co ay 
~s 
a 
~ 
‘ 
ws 
eal 
oO 


8S. 3 5.90 75.5 299 we 
Loe : 2.85 5.5 238 a 
115.8 265 3.05 


MOXIMUM VELOCITY (a/sd= .$28 Position of maximum (mm)= 6.95 
MARIMUM DELTA T (C)= 22.36 Position of maximum (mn)=10.13 
Qata Set i.0.: Q2H1RST 4 
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Time= 10 minutes 


loa) Meloozty (ars/ Gebtg fC; inn Velocsty (m/s) Delta 1 <C? 
1.8 463 rales 3.8 469 23.35 
7.0 545 22.30 10.3 516 22.66 
b3a3 $73 22.09 19.7 £08 22.33 
26.0 473 20.88 3.7 ssa) 19.64 
37.2 es) 13.97 498 ao. ligt 
445 ava: 17 54 5 hie neag 16.89 
ci .4 32 16.05 5359 315 SZ 
65.9 es ae e br .2 292 9.65 
63.2 wce4 9°34 tess 345 7.83 
7$.5 206 ves 78.7 296 6.31 
oi sabe Hone 8573 308 3.64 
Q} 4 ee acts 1is.8 170 1.55 
MOXTNUN UELCETTY invsy2 S46 Pesitien af maxinum (mm)= 6.35 
MPXIMUM DELTA 1 (C= 22.E8 Position of maximum (em)=10.15 
Gata Set £.0.: Q2H1RST19 


Time= 16 minutes 


2 \pe) Velocsty (mvs) Deita 7 <C) Zz (rm) Velceaty (m/s) Delta | (C) 
1.8 $60 21.63 3.6 473 <2.80 
7.0 Te 72 43 10.3 asf Coes 

bes Sa alee ey S41 20.82 

26.0 Sle 15.27 3.7 ee 15.50 

ate 1323 16.42 40.9 ved 15.41 

44. 315 Spe 442 312 14.76 

saan 31? 14.66 Ee) 37 13.53 

$5.5 315 11.39 67.2 282 9.74 

69.2 204 9.49 72.3 376 7.80 

7$.5 .390 7.07 78.7 = 6.26 
85.1 409 4.96 85.3 252 5.26 
$1.4 - 3.42 85.3 rey - 

116.8 078 i.i6 


MAXIMUM VELOCITY (n/s)= $72 Position of maximum (mad= 6.95 
MAXIMUM DELTA T (C)= 22.90 Position of maxiaum (mm)= 3.78 
Data Set I.0.: QZ2H1RST16 
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Time= 22 minutes 


mae Yeiocity “m/s Deita | vc 
1.8 423 20 .66 
7.0 515 20.93 
i 520 20.27 
26.0 448 18.11 
Oe 260 ere t 
440 320 15.94 
Si.4 319 14.37 
Ss) 280 tere 
69.2 283 10.67 
75.5 340 8.76 
$5.1 302 6.15 
q1 4 as 4 20 


MANIMUM UELOCITY smvsv= 520 
MAXIMUM DELTA 7 (fi= 20.93 
Gata Set [.0.: Q2H1RST22 


Time= 28 minutes 


z (nm) Velocity (mvs) Deita T <C) 
8 437 22.62 
*) jh | eseel 
ca 550 22.19 

26.3 480 19.33 
37.7 319 17.05 

446 293 15.58 

Shey 249 14.34 

$9.9 296 11.00 
69.2 258 11.16 

79.5 .300 al 
85.1 302 6.69 
91.4 298 5.06 


MAXIMUM VELOCITY (n/s)= S50 
MAXIMUM DELTA T (C)= 23.01 
Qata Set 1.0.: Q2HIRST 28 


Zon) Velocsty <m7s? Delta | 40: 
3.8 437 20.57 
10.1 623 20.78 
1:7 pest 19.38 
e525 367 17.42 
49.3 360 16.27 
4752 306 15.18 
ons 399 13.83 
Of .2 22 10.91 
pa 261 5 
78.7 uses 7.88 
esre peak 4.98 
116;2 : pres 


Position of maximus (mmy=!2.59 
Position of maximum imad= $.95 


Zz (mm) Velocity (m/s) Delta I (C) 
3.6 $90 22.80 
10.2 524 22.82 
uo $03 TAU eff 
ch 226 17.24 
40.9 554 16.02 
47.2 288 14.91 
53.5 soot 13a 
67.2 258 11.40 
72.35 218 9.86 
78.7 310 8.41 
85.3 fact ae 
116.8 - 2.31 


Position of maxinum (mn)=13.30 
Position of naxinun (nn)= 6.95- 
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Time= 34 minutes 


2 iss) Yeiocs<y ia/3/ Gelta i <C) > (an) Velocaty “s/s, pelta ace 


1.8 446 re, 3.8 446 Des 
7.0 EL 2.90 10.1 $17 a53 
13.3 S03 shai 19:7 477 20.87 
26.8 46] 18.62 38.7 365 e735 
sie 53 es 40.3 564 idl 
449 33 16.51 Rafe Sao iee4 
Sy a: 338 13.99 a8 306 14.45 
$2.9 as vega bv .c 305 ecnee: 
68.2 as, 1 aed i 409 aeoe 
(ee5 296 8.01 70.7 438 TELS 
95.1 35 ocd 8.5 378 3.33 
7.3 2 eS ito.8 142 ecaG 
MAXIMUM VELOCITY (n/ssz S17 Desition of maxiaun (mmv=10.23 


MOWIMUM DELTA T <f)= 21.80 Position of maximum (mn/= 6.95 
fata Set [.0.: QZHIRST 24 
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Ce:ling Type Fiberboard 

Fire Strength= 2.2 KW 

CELL ing, tO rlLeOm wietont, ree L 
Probe Location (r/H): @.75 


Time= S seconds 


2 (an) Welscriy (avs? Jetta | (C2 tim 


© ewoseccoees 


2.0 262 9.09 £0 

‘c geo 12 Et 10.3 
13.5 25e 13.33 13,8 
26.2 alt 13.8 se.e 
33.7 eh Dts ale 


$5.0 nen 10.34 i 


$1.8 att $1.28 33.6 Zit ay 
60.9 286 Se, 6.7 184 <5 
36.: aay, s.s7 este BGs Bees 
Sigs 26d Q.25 Sane 1g9 275 
37.7 179 433 104. is 3.32 
119.4 nay Tie tie 133.3 Jeg 35 
MEXIMUN YELSCTTY (argo 377 Pasiiscn of saxumn (enl2#26.29 

MAXIMUM DELTA 1 (C= 14.21 Position of maxinun (en)#!9.85 

data Set $9: QZHIR7STSS 

Time= 3@ seconds 

2 (ca) Welocaty (a/s) Delta [ <C) z (mm) Yelsesty (ass) Deita 1 (0) 


2.9 248 4230 $0 
2.2 308 1317, 10.3 
13.5 ceo 14.38 19.9 
26.2 us 16235 36.7 
38.7 at ts 41.9 
4:0 zat 10.68 48.2 
$1.6 ces 12.58 $4.5 
60.9 269 8.s4 38.2 
&6.3 287 ait 28.2 
ots 194 6.35 94.5 
at ES $25 1041 
110.4 lcs 7.09 135.3 


MAXIMUM VELOCITY (n/s)= .229 Posuticn of maxiatn (an)=19 95 
MAXIMUM CELIA T (C= 14.99 Position of maxiaun (an)=!3.09 
fata Set [J.: OZR 7ST STS 
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Vetoes ty 


348 
335 
a 

20¢ 


seee 
M“¢ 
ht 


14 


260 
Sy! 
2) 
273 
dl 
269 
eS 
190 
17 
13 
172 
183 


(avs) 


cetta 1 (C) 


= ps 


- 0 sa +43 acd Gd 
° . . . . 
r 
= 


eo 


a wn 

es 

<p Sav be 
12 


Time= 1 minute 


ne Jelcesty im/s/ feita 7 (C 
2.0 ea 10.01 
foe 306 14.28 

ies 247 tS] 
26.2 246 14.99 
33.7 ule 10.63 
ois 282 10.19 
51.6 spb 13.57 
60.9 268 pare 
86.3 237 408 
91.2 207 eee 
ou 19s 6.06 
he an | 237 275 


MERINUN VELSCTTY <n/s)= 61 
MARIMUM DELTA T (Cos 36.58 
Data Set 1.9.: Q2H1 R757) 


Time= 4 minutes 


z (mm) Velocity (m/s) Delta | (C) 
2.0 269 i213 
vee Pie 17.00 

is .389 17.96 
26.2 364 16.82 
ony 206 ose 
Ce 316 11.85 
$1.6 Lah 14.64 
60.3 283 9.54 
$6.3 241 5.15 
os 206 6.60 
97.7 226 oN 
110.4 - 3.06 


MAXIMUM VELOCITY (r/sd= .389 
MAXIMUM DELTA T (C)= 17.96 
Data Set 1.0.: Q2H1R7574 


Position of maximum (mm/2l9 cS 
Position of maximum (an)=19_95 


Zona) Velocity sm/s? Deita | (0) 
4.0 .250 12.67 
10.3 238 1Sict 
By 381 15.68 
30.7 281 10.70 
41.9 300 10.19 
4B eZ 3 9.84 
$4.5 272 oA 
86.2 176 6.76 
88.2 190 8.50 
945 193 6.94 
tars 200 4760 
is 205 1.38 

rant oY) Velocity (m/s) Delta | (C) 
4.0 285 15.61 
alee 370 17.85 
bee 367 17.65 
36.7 280 12.68 
aie3 322 fT 82 
48.2 305 11.46 
ots 295 10.63 
86.2 184 8.02 
88.2 18! 7.74 
94.5 206 6.08 
104.1 271 ait 
135.8 be 1.54 


Position of maximum (mn)=#13.50 
Position of maximum (mn)=13.50 
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Time= 120 minutes 


Doss Yerocrty \a/s) Delta i <C 
2,9 286 14.38 
ae. 344 it.2 

13.5 264 17.97 
4 38 16.96 
E37 fap 11.75 
45.5 raf hs 
51.6 es 15.33 
60.8 270 8.88 
86.5 was) 4.67 
91.3 194 7.65 
Ort 193 b.53 
115.4 1G? ae 


Hoenn HEMU BE, “yey 
MAXINUN CELIA T (C= 17.87 
Data Set 1.0.: QZHIR7ST10 


Time= 16 minutes 


Delta I <C) 


Pant, oD) VeLocaty avs) 
2.9 301 15.36 
me 336 12.38 
13.5 386 18.62 
pers 256 17.33 
soa. ak 12.76 
5.0 305 12.03 
$1.5 .248 iS.if 
60.9 262 9.69 
86.3 227 5.10 
Sie4 rah, 7.58 
97.7 fi 6.35 
110.4 - an25 


MAXIMUM VELOCITY <n/s)= .393 
MARIMUM DELTA T (C)= 18.87 
Gata Set 1.0.: Q2H1R7ST16 


aus Posrticn of saxinum (mm/=19.8 
Positicn of maximum (n)213.50 


2 ha) Jelecity (avs; weteaes Uz 
4.0 Fey 16.33 
10.3 361 128) 
Vp | 368 pens 
36.7 be, vs 
thee 138 Ve 
48.2 ay 19-57 
$4.5 277 7 hee 
86.2 155 put 
98.2 ale} ee 
nas tee rae 
104.1 efi et 
175.6 aS nas 


mn 


2 (am) Velocity (m/s) Delta | <C) 
4.0 .300 ae 
10.3 399 13.57 
13.9 30s 18.33 
36.7 302 12.66 
41.9 325 12.13 
48.2 256 11.67 
$4.5 255 10.85 
86.2 236 8.89 
88.2 aly) @.64 
94.5 244 7.31 
104.1 - Stee 
135.8 : 2.48 


Position of maxuaun (mn)#19.85 
Position of maximum (mn)=10.33 
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Time= 22 minutes 


ent sD) Jelocaty ‘m/s? Jelta ? <C) Zinn) Velcerty ‘n/s) Delta } <C) 
BL 29 15.88 4.0 302 17.67 
he ots i8.41 10.3 356 18:92 
13.5 2 18.85 19.9 27] 18.48 
26.2 387 17.70 36.7 303 13.85 
Cy 26 teas ‘vee 331 13.14 
es 315 13.05 482 289 12.58 
$1.6 232 16.02 Soke) 235 8 
60.9 oe 10.66 86.2 197 phat 
86.5 23 6.15 88.2 200 9.02 
3 res 7.98 94.5 224 (il 
aye es 6.7 104.3 165 S34 
16.4 end 444 135.3 974 fhe 
MORTMUM VELOCITY imvs= 287 Position of maximum (mm)=2Z6 .20 
MAXIMUM DELTA 7 <Ch= 18.82 Position of maximum (mm)=10.33 
Data Set 1.0.: Q2HIR7S722 
Time= 28 minutes 
= unm Veloczty <m/s? Delta i (C) z (mn) Veloczty (m/s) Delta 7 (C) 
2.0 Was) 15.96 4.0 301 17.60 
7.2 By 18.27 10.3 400 18.72 
nes 105 18.59 19.9 413 18.16 
atice 281 17 42 36.7 302 13.67 
367 293 Si 41.9 320 12.93 
45.0 208 12.76 48.2 .308 12.25 
a 298 14.94 oe 282 11.09 
60.9 268 ef 86.2 186 8.37 
86.3 74 4.81 88.2 188 8.14 
eis vas 7.13 94.5 196 6.69 
7.7 197 ane 104.1 198 4.93 
110.4 204 3.98 135.8 213 eee 


MRXIMUN VELOCITY (a/sv= 413 Position of maximum (mm)=19.85 
MAXIMUM DELTA T (C)= 18.72 Position of maxinun (nm)=10.33 
Data Set I.D.: Q2H1R7S728 
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Time= 34 minutes 


Zoom) Velocity sacs, Vela .t: Zz (nn! Velocaty (n/s) Geica 7 ¢f) 
2.0 235 15°35 4.0 256 17.09 
ies 337 17.67 10.2 361 18.16 

ees zo7 19.19 139 367 17.73 

06.2 oF 16.86 36.7 313 14.06 
38.7 307 13.97 ee 341 13.28 

45.0 She 13.07 48.2 31S 12.60 
$i .6 248 IN avs c45 309 11.81 

60.5 30! Tr? 86.2 We 6.46 
80.5 265 § .86 98 .2 248 8.2 

Sls : Be B45 : 6.59 

tant 325 Sat 164.3 320 4.67 

e4 est aris 135.8 1163 ‘14 


MBATMUM VELOCITY <mesv= 2267 Position of maxiaun (mmv=13.50 
MAXIMUM DELTA T (Chis 18.19 Position of maximum inmn)=12.50 
Gata Ser [.0.: QZH1R7S7 34 


Time= 40 minutes 


2 (nm Velocsty (n/s) Delta i (C) Zz (Am) Velocaty (m/s) Delta | (C) 
2.0 wood 14.80 4.0 288 16.09 
hea 319 16.59 10.3 has 16.99 
hee 392 16.93 19.8 376 16.47 
26.2 357 1$.67 36.7 308 13.00 
38.7 305 13.4? 41.9 34? 12543 
45.0 een 12.52 48.2 ba33 12.04 
$1.6 245 tac $4.5 eval 10.99 
60.9 314 9.62 86.2 205 8.53 
86.3 287 44 88.2 .200 8.28 
1.3 735 7.36 4S 22h 6.92 
riety 232 6.25 104.1 246 $.21 

110.4 24? 4.26 135.8 165 2.33 


MAXIMUM VELOCITY <m/sd= .376 Position of maximum (mnv=19.85 
MAXIMUM DELTA T (C)= 16.99 Position of maximum (an)=10.33 
Data Set I.D.: Q2HIR7ST 40 
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Ceiling Type Fiberboard 
Fire Strength= 2.0 KW 

Ceiling teeFloer’ Hergnt, He’ 1 
Probe Location (r/H): 1.0 


Time= 7.5 seconds 


> mm) Weiccrty (n/s) Delta 7 (f) z (mm) Velocity (m/s) Delta 7 <C) 
Ee i 5.07 3.8 243 Weak 
Reo is 8.79 10.1 25? ee 
ee eae 10.1 HL ele 10.55 
pet 252 10.26 “he 243 vate 
lee abe one a2ee iebe Cem 
46.5 eS2 EV oo coe ree 
sles 23$ 9.09 50.0 2e4 a7 
62.4 262 §.18 75.3 es 5.02 
Goes iil Se) 80.9 142 nae 
Cam, pes 4.50 87.3 128 $235 
7.8 he See kia 104 3,46 
100.0 079 LS 106.2 “teh Meg 
198.2 175 3 sooth ce! 199 2.00 
114-5 ae eat LE 199 1e75 
124.0 By a) 125.4 = 67 
pene 16] 1.82 155.2 - .09 


MAXIMUM VELOCITY (a/sd= 272 Position of maximum (may=19.65 
MAXIMUM CELIA T (C)= 10.65 Position of maximum (mm)=19.65 
Gata Set 1.0.: Q2HIRITSS 
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Time= 3@ seconds 


Zam Neloezty (m/s) Celta T <f: 2 nm Velocity .m/s? Geita i <2) 
iN 170 6.55 3.8 182 8.87 
7.0 A$ 10.45 10.3 200 11.52 
tZ.5 217 11.98 7 254 le 9 
Pa 202 11.93 38.2 261 1ge55 
<D oc Bese ess Coie) Piss De? 
Sn. Let Lie 49.7 228 10.89 
Ses es 11.18 50.0 .2l9 10.33 
62.4 etls 9.96 75.6 162 Bee 
77.8 173 8.16 80.9 lth ress 
83.1 75 oeze 87.3 ive 6.5 
87.6 156 nate 936i etSt Sek) 

190.8 oy 476 106.2 ake Senn 
Loess aes eon ili .3 Go ate 

134.5 Lin 25 Lit shes $55 
e449 ais 3.0 225.3 139 1.78 

130.3 156 once 155 .8 025 1.00 


MAXIMUM VELOCITY (n/s)= 262 Position of maximum (mn)=26 00 
MARIMUM GELTA T (C= 12.29 Position of maximum (mm)=19.65 
Data Set 1.0.: O2HIR1T30S 
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Time= 16 minutes 


Lom velecsty (a/z) deita f it) 2 (xm) Veicesty (a/s) Meita { (C) 


me 0 ee oe a ee ween 


3 cos ade 339 “al 12.49 
7.8 tse Se 10.1 ce 14.12 
1i.3 229 es 13.2 200 it.44 
25.9 278 43.33 34.2 133 12.47 
38.3 £33 i237 a333 Bb 12.1? 
tr 486 42223 $9.7 tS) 11.41 
Sit ae Pee $5.0 280 11 £8 


ac. 4 188 ict 3.3 Hehe: 10.$0 
ae 250 10.4 $0.9 ATG 9.38 
34.1 Aid 3.93 37.3 2a] 3.89 
97.8 A33 Bese 33.2 376 d.15 
100.0 178 6.83 i062 151 Sti 
168.2 acs 4.33 {11.3 Bt $.20 


14.5 ARS) §.S2 Bear 283 3.14 

174 Rhy) § 33 W734 LH 39 

129.4 Aga 3.55 | : Cat 

MEAINUM YELOCTTY Mevs)= 24 Positica of raxtaun (m)2i3.29 

MOVING GELTA T (Cd= 14.44 Faszitzea af maxim (ey3!9 5 

Cata set £.9.: QZHIRISIG 

Time= 22 mimutes 

2 (em) Velocity (a/s) Jeita i <C) 2 Gal) Jelcezty Gv/s) Jeita T (C) 
1.9 i 1.67 3.8 a3 $312 
het as 1392 {et 25 14.57 
13.5 a} A 192? at 6.7? 
3s. 31 if.s2 38.2 a4 13.10 


9.2 ns 13.11 42.3 ak 12.78 
16.5 2m 12.27 49.7 1% 12.82 

2 12.95 5.0 4 12.49 

in 77 75.8 193 11.19 
7.3 3 11.29 40.9 Zs 10.36 
$4.1 19 10.05 7.3 133 4.23 
7:8 199 9.51 93.7 it 4.60 
1¢0.0 Ast 7.42 106.2 19 6.61 
108.2 itt 1.53 Wd is 6.77 
Wt 1s 5.17 u?7 as 5.15 
124.9 Bes 1.45 12.4 Ba £13 
130.4 . 3.78 1S.3 2.42 


TSXIMUM OCLOCITY (a/s)= 234 Position ef naxinun (na)={3_29 
PSXDUN CELIA T (O)= 14.77 Position of naxinun (n)={9.S5 
Rata Set [.: CONRLTZZ 
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Time= 23 mirutes 


2 wv Jeboesty (ava) Jeitg 1 (C) tm Yelserty (ars? Jeita | (0) 


Nee ae fc ace aia 13.53 

oe BSG ae 19.2 ts ee 
SEE BS tire oer see aire 
oa ast btaes a3ue att ase 
20.2 ch s2iet a3 as RSE 
he a2 12.30 sSei ing 22 
Su. a3 Ue 33.0 13 12.25 
b2.? ace case isd aed oes 
te Tt 19.2 30.3 AS? 16.4 
ate 260 tg. zt 57.3 187 a3 
a7.3 ges ast 33.0 178 3.54 
100.9 st 7.55 i0$.2 a3 toe 
nang 233 Bae itis 1s 3.33 
ud 357 pe oh aps Sis 
We i : sus Na a8 ties 
130.3 us Beet (33.4 S ees 


MOXIMUM UELSCITY ‘evs92 237 29s1.tian af saxinun ‘sv 
ANINUM CELIA [ (C)= 14.72 2ssition of saxiaun (mvs 
data See [.9.: QERLRITZ3 


eee 


=z 
2 33 


Time= 34 mirutes 


Yeisezty (avs) Jetta T (0) 2m Weicerty (ass) Jetta [ (f) 


td aid i238 3.3 the} 13.7 
(0 278 13.34 10.1 Es 1$.95 
13.3 at pare Be ant 1$ 10 
25.6 a ne 62 sd.2 ele 13.48 
4 233 baste “piel mat (3.09 
ies a2 125 cee iTS 12.78 
ci Es 132 $0.0 afl 17.58 
62.4 as 11.33 13.3 Ae) 11.81 


77.3 i 10.35 tS Bio 10.89 
34.) 183 19 $2 a7.3 337 ‘3 
37.3 AISE: $54 Soe ASZ Sh See 
{00.9 133 3.29 106.2 14 §.3 
109.2 Bed s29Z Tiies Ate 
114.5 Bist S21 117.7 a4 5.32 
124.0 207 473 1zSet 
129.4 3 £93 15.3 


MAXIMUM VELOCITY (eys)= 1234 Pasuticn of maximum (An)213.29 
MAXIMUM CELTS 1 (C)2 154 Jesitica of nactrun (213.29 
Bata Set 1.9.2 QZHLR1 134 
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Time= 498 minutes 


2 Osa) Jelsesty (m/s) Jeita { <C: 2 (em) Velocity (avs) eita | it) 
oe eee 12.70 3.3 229 mag 
78 £33 12357 es 292 1S 44 

13.3 233 5.30 Bir za4 Sct 
26.4 233 |e 23.2 20 13,22 
20 cos 13.29 4253 283 ta 

Maes 199 ce raat 189 iZ.34 
mine 213 13.43 a! 139 Yeo 
62.4 190 11.68 Pe 74 11.33 
8 7 10.08 80.9 184 19.56 
34.1 lid 10.4 a7 3 178 9.85 
37.3 of 4.4 eke st : ae 

100.3 M3 i 106 2 17S 7.49 

sue 187 aay ee va 9.25 

45 ee 52 ohne Bir eau 

124 0 weed eat HRS) Ag mice: 

ius 197 a4 155.3 355 2.61 

MSXIMUM VELOCITY (m/s)= 292 Position of aaximum (emy2i3.20 


MBAIMUM GELTA 7 (f)= $5.50 Sosiiion of naxinun (smy2i3.3Q 
Jata Set 2.0.3 IHL RIT 40 
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APPENDIX A3.2 - 

Tabulated averaged ceiling jet temperature and velocity 
data: 

2.0 KW fire 

H=0.5 m 

r/H = 0.26, 0.5, 0.75, 1.0, 1.5 and 2.0 


Times: 5 and 30 seconds 
1,44 203. 16, 22a co o4 ee ee ues 
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Ceiling Type Fiberboard 

Fire Strength= 2.2 KW 

GCei lingmtoar Loomsneignt: HAL@.5 
Probe Location (r/H): @.26 


Time= 5 seconds 


z (mt). Velocity (m/s) Delta 7 (C) = (mm) Velocrty (m/s) Deita i (C) 


woece on oe coerce eee wooo e coo cee e co owen ooooooeocoe eee ewe ere omen cee we ee cween o co eon oe eo eo ooo coon ooe 


1.4 1.140 4 434 eee b323 
3.0 122i ns 9.8 1.064 1.05 
13.0 398 pane 1923 687 39 
owt Tol 76 Zoe tad 44 
aie 470 58? a455 Sey 33 
ga58 any ie rian 470 a7 
haar T38 at Bani ates Ne 
ease G 000 0.00 
MARIMUM VELOCITY (n/s)= 1.227 Position of maximum (mm)= 3.43 
MAXIMUM DELTA T Cos 1.25 Positron of maximum (mmd= 2.43 
Mata Set $.9.: .  Q2HSRZETSS 
Time= 3@ seconds 
z (na? Velocaty (mvs) Deita i <C> 2 (an) Velocaty. (m/s) Delta | (C) 
xf biz? ee 3.4 eee 1.23 
5.0 1.329 1.33 3.8 1.140 li 
13.0 1.064 £06 aes 087 wt 
ooeu 726 13 23.4 532 a) 
Sine soz ah 34.6 570 Ti 
37.3 613 61 41.0 124 we 
Cra 613 61 $1.1 296 20 
$3.7 216 22 19.1 0.000 0.00 


MEXINUM VELOCITY (n/sd= 1.32 Position of maximum (mmv= 6.60 
MAXIMUM DELTA 7 (Cos 1.35 Position of maximum (mmv= 6.60 
Qata Set I.D.: Q2HSR267 30S 
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Time= 1 minute 


2 (nm) Velocity iavs) Beita | (Cy 2 my iC 
1.4 1.165 Li a4 1.158 1.20 
5.6 1.251 1.25 9.9 1.092 1.09 
128 1.042 1.04 iY ae 86 
aout is a4 oH 436 44 
at. Ae 46 34.5 42 54 
37.3 480 i) 11.0 Sez ri 
Ras 306 ag 51.1 313 apd 
SEs 190 ‘3 13.2 0.000 0.00 

MAXIMUM ELOCITY (m/s)= 1.261 Position of maxiaun (mmv= 6.50 

MAXIMUM CELTA T (f= 1.26 Position of saximum (nm= 9.60 

Jata Set [.0.: J24sR257! 
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Time= 4 minutes 


i 
CFV Gen CH oO = 
eo “3 G£> CH 
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= ° a . = 
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ao 1 
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f=] 
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— 

10 10 1O 68 
fh 6p CO 
— 

- . e 
fo ] 
co 
Lv eo) 

o— 
[ Sa 
Lv e 


: 803 3 
fh 639 .b4 2 479 + 
=f 463 4 34.6 500 0 
9 3 439 44 ia 426 45 
47.5 409 J caf isk ye 
ek 076 08 
MAXIMUM VELOCITY <m/sd= 1.295 Position of maximum (mm)= 1.44 
MAXIMUM CELTA 1 (O)=" 1.30 Position of maximum (nn)= 1.44 
Pata Seta cute: GoueRz6T4 
Time= 10 minutes 
Loney Welocity «avs? Deita 1 (C) z (rm) Velocity (mvs) Deita | (C) 


oe 1.152 List 34 1.209 ira 
5.5 alae 1.25 9.3 1.109 sia 
Bd i.ts9 Lat Hee 50 29 
527 138 a: aos4 462 46 
he a! 46 34.6 SLi 31 
37.8 ate oh 41.0 488 he 
ti 308 38 S35 309 58h 
ie 129 ie 


MSRIMUM VELOCITY (n/sd= 1.247 Position of maximum (mmv= 6.60 
MAXIMUM DELTA T (C)= 1.28 Position of maximun (mm)= 6.60 
Data Set [.9.: Q2H5K26710 
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Time= 16 minutes 


Zolnsy Jeioezty (mvs7 Beita | <C 
14 1.2% 1.25 
5.5 1.208 eee, 
13.9 1.028 1.93 
57 iY ay 
31.4 4? a 
31.8 tt Bs 
47.2 42} afi 
SS Sih 250 i) 


MAATHMUM VELOCITY (m/s) 1.2 
MER UMORL Oidencus) lndn 
Matarcet ceva: ScHoR26T Lt 


Time= 22 minutes 


2 (mm) Veloczty \a/s) Delta | (C) 
we =n Bea 
5.5 HORE Bees 
meat Ags 1.00 
AS 655 70 
Nl Gy 467 Vv 
37.8 485 37 
47.3 422 Ly 
Fis eal 0.000 0.00 


MAXIMUM VELOCITY (m/sd= 1.250 
MAXIMUM LTR T (Co= 1.25 
fata Set 1.0.: Q2HSR2S7 22 


z 4mm Veloczty (m/3/ Belta | (C) 
3.4 1.247 ieee 
9.8 1.094 Y99 
19.3 680 38 
va Ay} ed 
34.6 47 44 
41.0 407 41 
Se 421 42 
reat 055 g5 


5& Position of maximum (mmy= 6.60 
Position of maximum (ma)= 6.60 


Z (mm) Velocity (m/s) Delta T <C) 
if ith U3 
Sg 1996 ri 
19.3 951 §5 
ear 458 $7 
34.6 484 49 
410 44? 45 
$3.7 310 31 


Position of maxinun (mm)= 6.60 
Position of maximum (an/= §.60 
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Time= 28 minutes 


2 unm) Velocity \mvs) Delta | <0) z (ne! Yeloczty (m/s) Delta | <f) 
14 1.250 5 3.4 1.268 1.27 
6.6 1.247 zs 3.8 1.079 1.08 
13.0 999 1.00 13.3 799 20 

s.r 092 oF Fs 489 Jag 
31.4 485 48 34.6 S33 53 

37.8 447 aC $1 352 25 
473 258 30 $3.1 314 a 

repel 0.000 0.00 

MAXIMUM VELOCITY «n/s)= 1.268 Position of maximum ‘nm?= 3.45 

MSEIMUM GELTS * <C)= 227 Sosition of maximum (mm= 3.42 

Data Set 1.0.: IZHSK257 28 

Time= 34 minutes 

Z inn Velocaty \m/s) Deita T <C) 2 \An) Velocity (mvs) Geita i <C) 
ies car hes 24 ey feed 
3.0 1.008 ee 5.2 ynee 1.09 

pe.8 2-051 1.05 ihe 353 £0 

eH 126 ae 7S St 403 49 
31.4 477 49 346 509 ol 

37.3 S35 4 41.0 476 48 
47.3 55 56 oa a 405 4} 

oes wall Zui 


MOXIMUM VELOCITY <n/sv= 1.266 Position of maxinum (amv= 6.30 
MAXIMUM DELTA T (C= 1.27 Position of maximum (mm)= 6.60 
Oata Set [.0.: Q2HSR267 34 
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Ceiling Type Fiberboard 

Fire Strength= 2.@ KU 

Ceiling to Floor Height, H: 0.S m 
Probe Location (r/H): 8.5 


Time= 1 second 


2 (m) Delta i (C) z (mn) Delta T (C) 2 (sn) Qelta T (C) 
jhe Si eh 3 $.9 1.29 
10.0 : 1.45 13.2 1.35 19.6 1.50 
25.3 1.54 39.3 = fl 2.3 - $4 
36.1 -.7§ 33.3 - 58 42.5 = 70 
$8.3 - 20 os 1.00 hi -.73 
§0.6 2 

MAMIMIM DELTA § (C= 1.845 Position of aaxinun (en)= Ese 

Data Set [.0.: §22SEST1S 

Time= 38 seconds 

Ga) Selts 7 (f 2 isn) Seita [ <C} 2 fen) Gelta i <C) 
eG £6 .i0 ay §2.15 3.3 §2 .84 
19.3 60 Ss eed 3.48 :3.6 46.09 
3.3 38 64 39.9 35.31 2.8 30.12 
36.1 21.31 33.3 18.23 475 3.85 
48.9 7.5 $1.3 ese 55.2 53 


60.6 aay 


MANINUM CELIA | (C3= 62.84 Position of saxinun (m= 6.85 
data Set [.0.: QZHSRST30S 


Time= 1 minute 


z (mn) Jelta T (C) z (=) Delta i (C) = fn) Beita T (C) 
Pe 51.74 3? 66.17 3.9 65.22 
10.0 e255 132 $9.07 13.6 $2.77 
a4 ced 2u8 32.98 Eee | 28.$3 
36.1 4.12 and 15.65 e2.5 10.44 
43.9 4.08 $1.3 5.23 ees 88 
50.6 #509 


PAXICUM CELIA T (C)= 66.17 Pesztion of naxinun (an)= 3.675 
Oata Set [.0.: QZHExST1 


2 -220- 


Time= 4 minutes 


2 (em Delta 7 (C) 2 (mm) Delta T (C} Pats oP Qeita T (C) 
au 73.42 cei 3.35 6.9 73.13 
10.0 11.72 EV: 67.08 19.§ 50.25 
Fa 49.23 30.2 33.38 32.9 Se! 
33.1 eecd © BEI Sess 32.8 rete 
48.8 5.21 ares 6.35 ee List 


$0.5 632 


NOXIMUM DELTA 7 (C= 75.3% Position of naximun (nn)= 3.575 
Data Set 1.9.: QZHSKST4 


Time= 128 minutes 


z (m) Selta_i_(C) 2 (en) Beita i (C) 2 (mn) mercarieL) 
oe 78.48 sae fines 6.3 is .0c 
182 $3.28 are 67-25 19.6 Sbcss 
25.3 47.82 30.9 34.67 32.9 39.57 
36.1 33,29 Bane 17.57 42,5 19.88 
2$.8 3.99 at. 10.48 coed e204 
80.6 eis 


MANIMUM OELIS 1 (C)= 78.48 © Position of naxinun (mnj= 1.031 
Gata Set i.9.: 2HExS110 


Time= 16 mirutes 


z (an) Pelta T (C) 2 (rn) Delta I (C) z (pn) Qetta T (C) 
bi (Secu hay 74.28 0.2 63.04 
10.0 63.00 see 60.00 19.6 $1.27 
Zang 44 45 30.9 S2e5 22.9 28.32 
36.1 22.22 39.3 17.26 425 bined 
38.8 7.65 $i.3 4.46 2 4.21 
80.6 1.64 

moxTats CELTS T (C= 75.71 9 Positicn of raximun (nn) 1 Sot 


Qata Set ID.: QZHSRST1S 
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Time= 22 minutes 


z (mms Metta T (C) zis Jelta I (C) 2y yeres hy 6D 
er a1.38 ee 73.80 6.3 bee 
10.0 66.97 isce 63.31 1$-6 37.20 
is Sats 30.9 31.60 32.3 2? Si 
36.1 c0.36 | S985 V7 fies 15.55 
48.3 4 36 SVS 597 35.2 ane, 
$0.6 eee 


MAKIN DELIA T (C)= 91.28  Pesaticn of naxinun (em)= «1.91 
deta Set LD:  QQUSESTZE 


Time= 28 minutes 


= ten) Deita 7 <C) 2 im Peita i (C) 2 pm) Deica § <C) 


te? ai cave ay Se digs 

19.9 aye eS 67.28 Si $23 
ects emi ao.3 eats q03 Stie 
Zoe Bice e223 eats arog Bohs 
43.8 i sla ens Saee Zumt 
90.5 2.48 


MAXIMUM O&LTA T (C)= 78.7 Position of maxiaun (an)= 1.591 
sucsere 


Bata Set 1.0.: OcusKsTz 


Time= 34 minutes 


2 (nn) Delta | (C) Pans J) Deita | (C) 2 isn) Seita 7 (C) 


We: 71.41 3.7 $9.59 5.9 33.24 
10.9 62.17 13.2 og 44 23.5 52.75 
23.9 4g 29 29.9 24.09 32.4 22.56 
35.1 15.54 33.3 11.42 42.6 3.57 
$8.8 5.31 $1.3 6.27 =. 3.58 


30.5 3.09 


mONTMIM OCTS F (Cys 71.410 Pgsitisa cf saxinun (an)= 1.69 


Qata Set 1.0.: Q2HSRSTS4 
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Time= 40 minutes 


2 (sm) Yelocaty (m/s) Deita T (C) lon vaicezty (m/s) Qeita T <C) 


2 no ow on oo oo nn nn oo oe = nn ow ow oo ee ews 


17 S35 (7.44 Sau 06 74.79 
b.3 557 70.26 19.5 sd bf 58 
(Ege SOL 93.79 15 55) EGS 
33 ag 46.03 30.2 oh: 29.30 
fo Ph 23.50 park $80 i283 
38:3 43 15043 HAS 388 11.83 
49.3 Eads (ike Shed 382 7.62 
$5.22 333 4209 30.9 3.000 ~ a 


MAXIMUM VELOCITY (n/s)= .657 Position of saximun (es)= 0.35 
MAXINUN QELTA T «C= 77.44 Position cf maxinun (mnd= 1.53 
Nata Set I.0.: ReeeRS T= 
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Cerling Type Fibersoard 

Fire Strength= 2.0 KW 

Ceilingjta Slocomineront.. fh: 2Oc5) m 
Probe Location (r/H): @.75 


Time= 1.5 seconds 


Deita i (C) 


bey 29.47 cs 36.20 . 6.3 38.29 
10.6 39.57 roe2 36.5 15.6 34.66 
z5.2 30.99 33.4 21 30 33.4 20.54 
38.9 1eec8 41.3 16.45 4.0 13.20 
ane 1Oit? 1.3 14.97 Sti 7.05 
ss. +91 S74 3.53 70.8 Lie 
te 3.00 Ti! ash 93.2 2.3 
yes 2207 cone 2.48 15-1 che 

SQAIMIM CELTA 1 (Cds 33.57 9 Position of maximum (anl= 10.03 

Qata Sez 1.5.: Q2SCR7ST1S 

Time= 30 seconds 

2 (en Jeita T (£) 2 ise Delta i (C) 2 (em? Qeita 7 <C) 


i saut8 a7 29:95 
10.0 #2063 Lad 40.76 
aS Sate sat Pa | 
25.5 ghee. ane (Ra 
Sls Hep] alee e232 
“ie 2.10 67.4 1.54 


Gs @& 
ts ¢ 
‘oO ot 
ao -») 
‘5.2 ~}3 
. . 
“© 
—- 
oOo 


MAXIMUM CELTS 7 (C= 42.63 Position of maxiaun (an)2 10.03 
data Set 1.0.: Q2H5R757 30S 
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Pesizzen of saximum (an)= 10.93 


-225- 


. 
4 
t+ 


. . . ‘ 5 
b- 6 or -3 od 


om ~~) Om -b Gog 
oo -~8 tM G81 1O OY, 


(ep ts ava 


ft CN 460) © 


43.30 
Eotee 
7.96 


woe oewo ooo eee oc eew oo we oe ome one 


- / 
» \ 


1@ minutes 


Time 


tli 


. 
oOo 


47.70 


Los] 
LD 


un? 
= 


c- 
. 


4 


oC 


a 
-& 


i 


mt 


19.6 


42.81 
a6 onU 


99 47 


Jee 


} 


-4 
- 


> 
. . 


--4 
im 


4 


4 


rr 


4 


o> 


av 
te 
. 


~~) 


70.6 


r- 


i 
‘oO 


oO 


93.1 


so 


cw 


if 


2s 


~ 


“4 


4 


oO. 
ad 


—) 


Lee) 


[oa] 
ao 


ececoooen coeeeeoooooesoocosoe 


, 


Osition of saxinun (mn/= 


we emeoes oc eee owe coo creer oanc= 


0 


16 minutes 


Time 


z (ma) 


q9 
Va 
oc 


49. 


Q 


9 


— 


ov 


ce 


Fev 
-¢ 


> 
Las } 


oP) 


pe] 
. 


cc? 


25.30 


ice 


a 
© 


-5 9 
eit ote 


cry 


ur 
co. 


~ 
- 


<2 
-4 


19.51 


Mm 


62.00 


7- 


ven 
. 


--4 
arp 


1123 


‘oO 
aad 


Gen 


a> 
om 


0 


tee4 


el 


! 


93.1 
Heat 


Slag 
-226- 


Position of saxinun (an/= 
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Fire Strength= 2.0 KW 
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Ceiling Type Fiberbtoard 

Fire Strength= 2.@ KW 

Ceiling to Floor Height, H: @.S m 
Probe Location (r/H): 1.5 
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Ceiling Type Fiberboard 
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oe rare eh 28.22 (uae 26.28 
aon A 26.2 2S 71 ua 23.56 
39.5 oe) $3.0 1o-73 “00 ete 
35.4 igs gi .5 10.21 S3te 4.56 
5 “ibd z3.4 pelt 61.5 2.58 
54.7 Cue vled ify 71.3 at 
hes ees hae 97 


panier COLIR T C)2° 26.8 
5k 


Gata set [.5.: “tes 


S  Fesitzon of saximun (mm/s ide 
bok ia | 


cise 


Time= 16 minutes 


raat) setts hee) 2 oun? Deita i <C) 2s) Jeita { (C) 


oe wehes te gies ws 05.50 
yee lips Lee 25.01 cee 20.30 
Pgh gored db.0 23.80 itt 23.13 
30.5 phen S37 13.07 49.0 13.26 
45.3 17.04 Sis ast S300 ee 
Sot Gist care 4.70 61.5 eh) 
87.7 ie: fi) 2.57 11.8 EAS 
ach 2.9 102.8 $e 


MAXIMUM CELIA 7 (C= 26.3 Fosréion of maximum (anJ= 22.19 


Qata Set 1..: QZHSR2T16 
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Time= 22 minutes 


ZA) Betta 7 (C) at) Deita 7 (C) 2 (Re) Jeit3 7 (C} 


: 2 

saa 20.2? a8 e304 10.3 atssd 
ARS Gr ise 19.8 Par Glee Ee) 
es a2 3) 23.2 22.97 ons sitet 
Sig aS ri co nage 40.0 asas 
46.4 io Si.o Ce te S51 5.0% 
str d.u7 $3.4 £50 bs .S $218 
$4.0 3.53 71.1 a.08 1.2 e.rk 
oe e368 102.8 Daas 


MGMINUM DELTS 7 (C= 27.53 9 Pasition of saxzaen (anv= 10.22 
n = sue are! aayosaras 
fata set 2.3.3 BesKe soe 


Time= 28 minutes 


= fem) delta i xf) lac) Deita } (C) 2 (sm) Celta 7 <C) 


aie Sa a 24.20 Shes of .20 
‘ene arb) ied 25.07 cov 23.28 
ah ne | cB.e 21.31 aie 27°53 
30.5 eet 3321 18.63 40.0 iSvee 
46.4 12.31 aizo 3.39 osu eed 
pe 5.85 ces 5.76 61.5 5.02 
$4.7 gece 71.1 gt “1.8 ear 
ee © £58 102.9 1.35 


c 
. 


MAXIMUM CELTA 7 <Co= 29.2 Pssitzon of maximum (rn/= 10.28 
Qata Set [.D.: Q2KSR2Z1 28 
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Time= 34 minutes 


oe eo wn wn ooo oo eo oo oo on oem eece eee new ew oo een eee enone ow emene woe eo cen once eon eo ene oe ownneee 


19 21.3) 3.9 rhe 10.3 275 

13.5 7 39 19.3 33.48 223 35.20 
7 aaa egce i 274 23.97 
30.5 ana 33.7 19.34 30.) 15.63 
4$.4 12.54 $1.6 qs face 6.66 
52 6.i0 58.4 479 bi.5 3.95 
64.7 3.37 pel 2.16 14 3.22 
77.4 1.97 102.9 i.3¢ 


MAXIMUM DELTS T (C)= 27.77 = Posation of maximum (an)= 10.2 
fata Set [.D.: O2HSKZ134 


Time= 393 minutes 


> (an) Jeita 7 (fC) 2 (em) delta 7 <0) z (en) PURE lf ae 


er weeeew oe cee oem er ees cm cocce wo ce mwn nee econ coe ce ceoome=e eee eee ee en ween eco eeme eee o ane 


1.9 alee) 3.3 24.51 ta 3 23.64 
Hohe mae 19.8 at: Ra 25.00 
iy c8 08 rahe Ege pet Ee: 
30.5 21.55 531 19.74 49.6 i$.31 
46.4 Laued $1.6 re) S32 6.86 
S52 5.25 soc: Sat ies reer 
54.7 3.67 Bill eee iss 3.10 
ties 2.16 102.8 1.33 


MAXINUMN GELTS Tf (C)= 29.64 Position of aaxinun (na/= 19.28 
Qata Set [.2.: 25522153 
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Time= 42 minutes 


2 ism) Weiserty (ms) Jeita T ( 


ee Se eee ew ce eee ee ee a Cee ee oe Sos eo ew eee eeeoce 


too 205 aA 38 

bee wow we 
10.3 ae acne 
avee co wl.w! 
<9. '8 AeA ar aA 
49.9 sce) eas, 
ok ier} 10¢ os 70 
ee sod eels 
7 hah! as Fc 
= fe wold (etic 
209 1 “Out 
Pre 196 ae Us 
breed) 499 ‘ 92 
Tel ole 30) Ae 
SPY ths C73 
wv oe sow well 
Gace ee 479 
wet bee ‘ee 
“408 240 
ie a 996 wines 
3 sac sas 
teed ouew Sac 
aa. A 3a an 
ove.d wv eUU beow 


MOVIMUS VELOCITY savsv=  .253 Zosition of saxiaun (snv2!9.90 


mMoyrMiMd AOI TQ T A’. 40 08 
mnAL Hey uv LIA r NG 30 9s 
Sata Saeceeile yeueeny £: 
Uata Set i.0.: eneaente 


Position of saxisun smvel929 
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Yelocaty (a/s) Jeita T \C) 


eZ aie) 
eee £356 
80 25.95 
240 os 


om 
wy 
ro 
6-+ 
. 

=) 
ro} 


dh 
se ial Eat.) 
aa dd bode 
180 o28 
72 5.31 
97 3.52 
Led A 48 
073 ee 


> 
re} 
~» 
“42 
6D 


APPENDIX A3.3 - 


Tabulated ceiling jet maximum temperature and _ position 
respect to time: 


H=1.0m 
F.inesem2.0, l.0sm0-7oeandeu.5 KW 
riven 0s 26.0.5 smo oeanda . 0 


Times: 5 and 30 seconds 
Lied LUD eee 20, O4,y mee se IIULes 


Firess 2.0, 1.0°and) 0.75 KW 
C/H e020 smO sO mO ao. Oem 1 oceania. | 


Times: 5 and 30 seconds 
alo LOM Ce mee Ose S44. eck PS MANUCES 
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with 


"wou 
cor 


oo 
ab 
=] 
fe 


oa 


083 |29.57/10.03]20.97/10.13] 14.11 
.50  |39.05/3.675| 20.40/10. 13] 14.98 Tamra 19.65 


cco 

2 Sens meses 
23.09|3.675|12.03|13.70/8.689| 19. CIEE 
[aie a 
x 
eo] | |_| jini. ae. 
55. [ele fi a eralo-a fale fas 
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=1.0.m AT oh, 
=0.50 KK tan) 


| r/H 
J. 0F 0SBeu | 4d: OLSON Ve. AP ONT | 1.00 


| A?) 
|ATnax| Stmax|4Tmax| Tmax | 4Tmax i Tmax! Tmax | OTmax 
| 12.40) 10.03/8.202/10.03/5.024/36.69] 
|.50 |12.13]/6.350|8.352/10.03/5.390/19.35| | 
/1.0 |12.81|3.675|8.191|10.03/5.931/36.69 | | 
14.0 |15.32|3.673/8.750/10.03|7.472/36.69| | 


if 


\(min)|10.0 }13.02!3.673|9.774|6.350/7.061/36.69| | | 
RS DPE RRP EEE ye Ie pre opp er yiey Gn >) FE 
i 16.0 |15.42/3.675/9.785|6.350/7.427|36.69| | 


| [22.0 |14.90/3.675/9.611]6.850/7.711136.69| 
eit 
| 


{> El ee Be | 


9.537/6.850/7.448/36.69| ee] 


9.595/6.$50/7.017/36.691 ! : 


a0 73 Kh Sede 
| c/H | 
PAE age 
|AT ax | STmax| 


| 083 |4.702/ 19.58] 


/1.0 |5.921| 19.53] 


4.0 |6.438/19.35| 
(min) [10.0 |7.408|19.551 
| 16.0 |7.475119.55| 
/22.0 |7.363| 19.55] 


a 


|28.0 |7.274/19.53! 
ioe ek | a seas Senta: I 


134.0 |7.682119.55| 


Ig:S 17 2234/195551 
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i) 


I : . 

i 4.0 |82 aia 31.25|6.850| 21 21|10.53|17 30|12. 9515. 77| 19.35 
10.0/80.19]1.691|42.44|3.673|32.01/6.850/21.58|7.350/19.31/9.775|18.24]13.20 
16.0/81.90|1.691/43.33/1.691|33.62/3.675|24.58/7.350|19 775/18.59| 13.20 


i 
iran guns add hades cla 


| .083{114.2/3.425; | 38.57|10.03|37.6 


.50 |120.2|/3.425/62.84/6.350 


IT/1.0 /124.9|3.425/66.17]3.675|40.63|10.03/33.36| 10.03) 26.28/13. 45| 
I , 7 | | | 
(]4.0 |127.2|3.425/75.34/3.675/46.02| 10. HES ch 


10.0/128.6]3.425)78.46|1.691|47.70/3.675 


22.0] 129.5)1.4411$1.3811.691/50.41/3.675/ 39.51 


|28.0|131.6|1.441|78.7011.691/47.95 


{ 


Ges ieee atlen iotas tear asic 


Rem ei 6 hea toa alotrca oer adietscol a0. calf. se seco] 22 49 


| 71.41] 1.691|/52.37/3.675/43.31 


16.44/10. 23| 
22.19] 


26. 16/10.2 


22.31/22.19| 
|31.39/10.28/26.06| 
|30.79/10.28| 28.35/10. 23| 


3.675|32.97|10.28|27.53|10.23} 
3. Sant 78| 10. a5, — 10.28 | 


3940 Pb Blt 00-pe jar fas yi poe ae | 


Isis 


./129.8/1.441/77 


v4 16,850) 28. 


7813. 675 ie seen 


| 675/29. 


691|31.37 
-92|1.691/33. 
|1.691|32. 


54] 1. 


.71(1.691144.35/1.691/33.05/3.675 


|25.18|7 


eave se ane 


.44/1.691|48.95/3.675)40.06/3.675|32.26| 10.28/28. 34/ 10.281 


ATaarenud 
St max’ (mm) 


13.77] 13.20 ji 


10/9. 
389. 


.3819. 
20.38/10.28/19. 


773419. 


02{13.: 


44/13.: 
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.30 |50.29|3.675|36.41/3.675| 24. 
11.0 |60.90|3.675|31.95|3.675|24.71|10.28 


| 4:0 |62.30/3.675|36.19/3.675/ 25. 


.691/35.23|1.691| 25. 


.691/36.34/1.691/27. 


23 Me 


691/34. 
691/37. 


921. 
3312: 


691| 27. 


691|26.32|3.925|18.91]6.850 


691/35. 
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r/H ' | 


58|10.26|16.79|10.03/14.32|13.45 
16.33/10.03|13.60|13.45|11.22| 19.55 


56|3.925|18.66/6.850|15.95|10.28/13.93/ 13. 20| 


| 
| 
| 


AT nax | ST max | ATnax | Stmax | AT nax | St max| 
59 10.28/12.75| 10.03/14. 26| 13.45] 


7.589|22.19| 


10.38] 19.53] 


26/10. 28| 16.351 10.03/13. 11/13.45|12.48/19.55| 
.675|36.73|1.691|26.21/10.28/16.03/10.03| 16.70/10. 28) 14.19|13.20| 
28|7.100|18.47| 10.03] 16.47|13.45/ 14.38] 10.03 | 
20|7.100|18.87/6.350/16.57/10.28| 14.95/13. 20| 
26|3.925|18.48|10.03/16.91|10.28| 14.66] 13.20 


15.66| 10.28] 15.08|13.20| 
16.$8|10.28|14.58|13.20| 


APPENDIX A5.1: Constants used in the computer program and code listing 


Turbulent length-scale constants 
C,=0.8 

A=0.1 

Constants of the ceiling jet flow 
Cp=1005 J/Kg °K 

‘p=1.19 Kg/m? 

T2=295 “A 

Pal .O13ExelOfePa 

Kg=0.026 W/m °K 

V=Z_X sl mene S 

R=287 J/Kg °K 

Turbulent Prandtl] number 


Prt=1.0 


Ceiling constants 

a=] 32xei050im?/s 
Kc=0.048 W/m °K= Kez 
de=0.0127 m 

€=0.91 

Fire strength 

Q=2.0 KW 

Stefan-Boltzmann constant 


G=5.66 x 107% W/m? °K* 


Constants defined for the ceiling energy equation 
At =2d-/(AzZ-)? 


At2=2Kgdc/Ks AZe¢ Az 
At3=2dac€0/Ke 
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APPENDIX 45.1 - Continued 
Computer Code Listing, Ceiling Jct Temperature Profile Prediction 


DIMENSION U(120,36) .W(120.36) .T(1 ae a U2 30 ye aia 
&YL(36) , TOLD (120) .DELZI(120) .\ZL(3),Z (0. 3) .DELZIL(3) .ENC2 02120 
GUMAX (36) , DELTA (36) . ABSUZ (120,36) .FEE( 120.36). ITCONT( 120 36). 

&TC0 (3,36) ;TCN(3,36) , TIMEP (30)..YLD.(36) NPS) 

REAL K@,KS,LS(120,36) ,LS1(36) ,LS2 


FIBERBOARD CEILING 


DATA RMAX,RMINDELRI.MAXITR/1.0..2..05, 500/ 

DATA CP,VISC.KG,R,0,1,20, TAMB, PATISR/ 005 ,2.E-5,0.026,287. ,2.0, 
&1.0,0.0972,295. .1.013E+5/ 

DATA KS, ALPIA.DC,EPST ,SIGMA,NC.NT.NRP/O.0485.1.2E-7..0127..91, 
(5. 66E-8,3,85.5/ 


Geaice ice 


SELECTING THE MIXING LEAGTI TYPE 


FLAGMU=0. ; SPALDING'S MODEL (Prandtl's MINING LENGTH) 
FLAGMU=1. ; LIBURDY'S MODEL (Van Driest MODEL) 


DATA FLAGMU.FLAGIL,FLAGPT , FLAGIT ,FLAGTP/0.,0.,0..1.0,0.0/ 
DATA PR,PREFF/0.7,1. 
FLAGDL=FLAGIL 


FORMAT STATEMENTS C 


(SPMS2 ew ee Ver ieee) 


(DCPS) 


800 FORMAT (20X, "CEILING JET DNDUCED®BY A) "S492 | Re oe 

810 FORMAT (20X,'CEILING NEIGIT, I =' PS. i MD 

820 FORMAT (20X, RANGE OF r/i LOCATION: Loksvisbs BA. 2 

830 FORMAT (20X,'CEILING JET PROPERTIES euLcti are ATO EVERY", 
&P3l 20h INCREMENTS 4/1) 

835 FORMAT (20X, TOTAL NOUR NUDE SR ie U IRC e Uh urea 

840 FORMAT (20X,'RANGE OF z DOMAIN: 0. - ',F5.3//) 

850 FORMAT (20X,'FOR DISTANCE BELOW CEILING=! .F5.3.3X.'z INCREMENT=' , 
KPO the NO SUPUDES iy 

860 FORMAT (20K, "TOTAL NO. OF NODES IN z DIRECTION=' iy 

890 FORMAT (' 1! ,38X, i OST TMi tial VeLOGiuy PLeld eli My S \ic 0 ame 

891 FORMAT ('1', ons emit ovae Naki: bien: DT\ (Oe. FR" oe 

892 SEORMAT (2\eazi(m jeden aaa tie Moe 

900 FORMAT (1X. P6. dak 07 (h603: 3X) ) 

910 FORMAT ee EN tevin’ NOa pats | poeta) 

915 FORMAT (20X.'No. of Iterations used=' ty) 

920 FORMAT (2 

950 FORMAT (' 

960 FORMAT (' 


OX Error Let S EO sion 
te ie ONG TIME=". Pel lea2 A “seconds '//) 
Vere ON ld MSV eelee eure MLM @e so) cua 


1040 FORMAT (414. ° TEMPERATURE DIFFERENCE DISTRIBUIIOS. DIC) /7 /) 


TO50.-FORMAT SCAN. Ge keds (0G ales ae 
1055 FORMAT NEG ALAN. 1F (E62 3K) 


ee 


(SND) 


SP) (Blea) ee} 


1060 FORMAT (' 1 41X,! PEE DISTRIBUTION' ///) 
1065 FORMAT ('1',41X.' LS DISTRIBUTION'///) 
1070 FORMAT ('1',41X.'DENSITY DISTRIBUTION’ ///) 
1080 FORMAT (1X.F6.4.4X.17(ES.1. 1X) ./) 
1090 FORMAT (11',41X."2 VELOCITY DISTRIBUTION. w inf) T/L) 
1100 FORMAT (41X.'ITERATIONS USED AT EACH NODE'///) 
1110 FORMAT (1X,F6.4,6X.17(14.5X) ./) 
GENERATING GRID PARAMETERS AND SIZES 


XNR=( (RMAX- RMIN) / (DELRIM*I) )+1 
NR=INT(XNR+.5) 
DZHMIN=0 .023* (RMIN/I) **0.9 
DELZUL(1)=0.2*DZHMIN 
DELZNL(2)=0.5*DZIIMIN 
DELZHL(3)=DZNMIN 
DZHMAX=0.. 023* (RMAX/II) **0.9 


 *DZIMAX 
O*DZIMAX 
eens 
H(1)+Z(2)+Z1l(3) ) *H 


fe SS — — 


a oe ome | De | || 
Wine 


ae ZI( IN) /DELZHL( IN) )+0.5) 
GENERATING THE Delta Z/Il VALUES 

NZ=NZL(1)+NZL(2)+NZL(3) 

WRITE 

WRITE 


WRITE ( 
WRITE ( 
( 
( 
( 
( 


D 
2 NEL 


) 
) Hl 
) RMIN.RMAN 
) DELRI 
WRITE ) 
WRITE ) 


OU EH wWWrmr © 


0H WH 00M WH CO 
DOroncocs 


(ZII(IZP) +ZIl( IZP- 1) )*, DELZIL(IZP)*Ml, NZL (1ZP) 
NZ 


DO 3 IZC=1,3 
IF (1ZC.EQ.1) THEN 
IZ0=1 
IZN=NZL(IZC) 
ELSE 
IZ0=NZL(IZC- 1)+1Z0 
IZN=NZL(IZC)+I1ZN 
ENDIF 
DO 5 IZ=IZ0.1ZN 
5 DELZIN(1Z)=DELZIL( ZC) 


3 CONTINUE 


AA: 


6 ZL) =(DELZICI a ae cle) 


CONSTANTS RELATED TO THE CEILING BOUNDARY CONDITIONS 


DZC=DC/(NC-.1) 

ALPIA2=2. *ALPHA 
AT1=ALPHA2/(DZC*DZC) 
AT2=ALPIA2*KG/ (KS*DZC*DELZIIL (1) *11) 
AT3=ALPUA2*EPSI*SIGMA/KS 
TAMB4=TAMB*TAMB*TAMB* LAMB 
DAMB=PATMSR/(R*TAMB) 


GENERATING PRINT CONTROL PARAMETER 
DATA NP/1,2,7,12,17/ 
INDICATE THE TIMES RESULTS ARE TO BE PRINTED OUT 


Oh 
39.*60. 
13) =40.*60 
DO 10 Peal 


MN Py Ce 


al Wh i. U0 Te a 


10 TIMEPC UIP =TINBR (LT E=s 1s) e300) 
C 


GEG aCe) Gai G) Co) 


QH=0** (1. /3.)*(II**(-1./3.)) 
TMAXC=((0/( ‘DAMN OP*TANBSS 1321*I** (5. /2.)))**(2./3 ee 
A TMAX ( (1)=((0 ( (DANB*CP*TANB*3. 1391 (IE Z yi (50) 2a” (ly sae 
TAMB*8 . 016 


INITIALIZING U USING GAUSSIAN DISTRIBUTION AND MAPPING T 
GENERATING THE INITIAL VALUES FOR DENSITY BASED ON THE 
CEILING JET TEMPERATURE PROFILE 


BOUNDARY CONDITIONS AT Z=0 & Z=h 


ROVERH=RMIN/T 
1 i Josh 
72057 CL EARS poe UE ial 
fan hia - EXP(- 2.33*ROVERIL) ) *Il 


YE(J) 

VET( J) 

TL*ROVERI* (- 2) )+(. L132*ROVERII** (- 1) )+.0968) *O1 
“oto 31 

es 

((. 16G6*ROVERIFE (42) }+( 1. 2*ROVERUS™ (ely ) 4200) * [MAAC 


i Les eae ao 
OMS 
aS 


TMAX (J )=(( .O82*ROVERII** (- 2) )+(1.9*ROVERII** (- 1) )+.996) *TMAXC 
END IF 
31 DO BbmL=2 NZ 


Ceiling Jet Initial Temperature and Velocity Field 
Sets the Inlet Boundary Conditions 


ania) ye eco AGE A hy yee asa 
Ve UNAN (eho. 02” ty /\ TO toe OA oe aL) PL) i) 


Determining the value of the length scale: 
at a Z where U/Umax=0 .5 


GENE TCOG 


“ (FLAGDL.EQ.1.0) GOTO 34 
F (FLAGMU. a QO.) TIEN 
\1= ENP (OAS 


IF (U(L.J) /U \X(J). 
DELTA (J)=Z(1)/Ul 
FLAGDL=1. 
END IF 
34. -—-—«OD(I, J) =PATMSR/(R*(T(1,J)+TAMB) ) 
35 CONTINUE 
T(NZ,J)=0 
ROVERI=ROVERI+DELRI 
FLAGDL=FLAGIL 
30 CONTINUE 


LE.X1) THEN 


C Initializing the Ceiling Temperature Nodes 


DO 1800 JC=1, NI 

DO 1900 IC=1, XC 
1900 TCO(IC.JC)=TAMB 
1800 CONTINUE 


C 
: Calling Subroutine to Evaluate Initial Effective Viscosities 
CALL INITML (D.U,UMAX,Z.L5,L51,DELTA,NZ,\R.FLAGMU. ABSUZ. FEE, 
&PREFF , VISC, DELZI, #1) 
IF (FLAGTP-EQ.1.) THEN 
C 
WRITE (6,891) 
WRITE (6,892) ((NP(J)- 1) *DELRI+(RMIN/I) .J=1 ARP) 
C 
WLS Whew Rane 
37 WRITES (On000) Zilia 1 NPA). J=1 ARP) 
END IF 
C 
Dig VAGE Se leet apelin. 
( 


Gay GaliGe) 


36 


39 


40 


WRITE a 


WRITE ( 
WRITE (6, 


WRITE (6 
WRITE (6, 


DO 40 
WRITE 
END IF 


TIME=0. 
DTIME=1. 
ITP=1 


3K KK OK KK OK OK 


PRINTING THE INITIAL VALUES 


- 1) *DELRII+(RMIN/II) .J=1. RP) 


bee La UC LeAP (J) edad NRPS 


- 1) *DELRII+(RMIN/IT) ,J=1.NRP) 


5,900) Z(1),(D(I,NP(J)) .J=1.NRP) 


60) 
2) ((NP(J)-1)*DELRI+(RMIN/IH) . J=1.NRP) 


6.1080) Z(I),(FEE(I,NP(J)) .J=1.XRP) 


, 1065) 
892) ((NP(J)-1)*DELRIH+(RMIN/II) .J=1,NRP) 
T=1,NZ | 


(6,1080) Z(I),(LS(I,NP(J)).J=1,NRP) 


2K AK KG OK OK OK OK OK OK OK OK 


TIME LOOP 


D0 2000 IT=1, NT 


IF (IT.EQ.2) DTINE=4. 
IF (IT.EQ.3) DTIME=10 
TIME=TIME+DTIME 


GGG 


GANGS) (Gene) Gry Gee) Ge) Ga 


PUSS) cp) Ge 


1950 


Re 


2200 


DO 


2K OK OK OK KK OK OK OK VAIN LOOP 2K KKK KOK OK OK OK OK OK K 


ROVERH=RMIN/II 
a0 WE 2 NK 


ROVERH=ROVERI+DELRII 


This Segment of the Program Solves for the Transient 

Ceiling Ileating. 

The ceiling surface temperature is evaluated and tested for 
any variation. If the criterion has been met. the ceiling 
temperature nodes are updated and the jet flow is solved for 


CTRC=0. 
TCNOLD=0. 
FLAGTC=1. 
DO 2100) 1C=1..NC 
IF (CTRC.GT.50.) THES 
PRINTS NG CONVERGENCE. IN .CERLING sLEMPERATURE” 
GOTO 3000 
END IF 
Dre CEtet STEN 
TCNOLD=TCN(1,J) 
CTRC=CTRC+1. ; 
TCN (IC, J)=AT1*DTIME*TCO (1C+1,.J)+AT2*DTIME* (T(2,J)+TAMB)+ 
AT3*DTIME*TAMB-1+(- AT1*DTIME- AT2*DTIME- AT3*DTIME* 
TCO (1G) ) SICOCT Ce) ) ICO (LGe si) sia) “TCO( IC, J) 
Pie oor 
L 


TPS GLCeE( SNC) s TIEN 
TON (IC, J)=AT1*DTIME*TCO(IC- 1.J)+(1.- (ATI*DTIME) ) 
*TCO(IC,J 
GQ TO 2100 
ND IF 


TCN(IC,J)=(AT1/2.)*DTIME*(TCO(IC-1.J)+TCO(IC+1,J)+ 
(((2. /(ATI*DTIME) )- 2. )*TCO(1C,J) )) 
END IF | 
CONTINUE 


IF Se ee a gee ae neg hye kay THEN 
LAG : 


DO 2200 ICA=1. NC 
TCO(ICA,J)=TCN(ICA.J) 
ITERC-O 
DO 70 I=2, NZ-1 
DO 60 ITER=1. MAXITR 


Z COMPONENT OF TILE VELOCITY 
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pep ap} Ca) Gee) 


Cai cay iG 


eB) (pia her) (ED) (SF 


250 


CALL VELZ (1,J,.ROVERI.D.U.DELRIL,F NR) 
CALCULATING THE VERTICAL VELOCITY COMPONENT 
WO i= (Cle leyiG)y DELZUCT *F) MO Gi os) \ore Waete mr ds) 
TEMPERATURE VALUES 


A1=D(1,J)*U(1,J) /(DELRII) 
Peres cea (oUea EA 
CDENOM=2.*(DELZIN(T ) *DELZH(T}) 

=(FEE(I+1,J)+FEE(I.J)) /CDENOM 
C2=(FEE(I,J)+FEE( (I-1.J)) /CDENOM 
D1i=A1+B1+C1+C2 


T= GCAL Diet . cra, ST Cl eisai 
((C2+B1) /D1) va La.) 


CALCULATING THE CONVRGENCE ERROR 


IF (ITER.EQ.1) GOTO 250 
ERRT=ABS(T(I,J)- TOLD(I) ) 


Fe(PeGl. 20ssANDe(T( 1, J)-TU- isha eaE OR) THEN 
N(Z,J)=T(E-1,5)- (PL d)-ME1.d)) 
FLAGTH=FLAGTII+1 

END IF 

TF, CTC 02) EX 
FLAGT=FLAGT+1 

TL J)=T(1- 1,5) /2. 


lea! 
J)=(D(1,J)*LS5( 155) *8S4 127) *ABSUZ(1. J) ) /PREPE 
IF Ge ate, GOTO 60 
IF (ERRT.LT.0.005) GO TO 65 

CONTINUE 

ITCONT(I,J)=ITER 

F(FUAGTOO EQ 1 AND. TCEQ, 2)" G0; 1071950° 
CONTINUE 
CONTINUE 

PRINTING RESULTS FOR T 

TP CTIME EQS TIMER ITP TIEN 


DEGLI LGU se aE 
WRITE (6.950) TIME 


ELSE 
WRITE (6.960) TINE/GO. 
END IF 
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(PUN TP} & 


WRITE (6.10-t0) 
WRITE (67892)" ( (NP @))- 1) *DELRIMS(MMIIN JI Js P.NRP) 
DOS TTOF IPENG (2: a 
110 WRITES (6.1055) (CLE fie ULG aT eae DUNC LP. XP (JP) )--EAMB ) ,JP=2 /NRP} 
DO: 120 TP=1.NZ 
120 PRL Or050 AGL) eG Ghosh il) ) b= NRE) 


IF (FLAGPT.EQ.1.0) THES 
WRITE (6.1060) 
WRITE (62892 )) ((NP{ J )=1) *DECRIT+ (RMIN/I) Ja NRP) 
DQ 140 IP=1.NZ 
140 Se HOP LUOU = tea CE EMAL (baw aN RPS 
END IF 


IF (FLAGIT.EQ.1.0) TIEN 
FLAGIT=0. 
WRITE (6,1100) 
WRITE (6,892) ((NP(J)- 1) *DELRI+(RMIN/I) .J=1.NRP) 
DO 145 IP=1.NZ 
145 WRITE (6,1110) Z(1P) .(TCONT(LP .NP(JP)) .JP=1 .NRP) 


Pieri ecde te UR CLIP) 23. EQ LTE STIEN 
WRITE (6,1090) 
WRITE (6,892) ((NP(J)- 1) *DELRH+(RMIN/I) ,J=1.NRP) 
DGS LaOgE B= WeNZ 
150 Witt tom Oe USUJoui I?) Ch LPONP CIP) PaiaNn es 
END IF 
ITP=ITP+1 


END IF 
Setting the time steps 


TE RIUMERG hs ome DN nibots 
Thy { LIMES GE>60¥), .DPIME=30) 


2000 CONTINUE 


3000 STOP 
END 
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410 
400 


GGG) GP) 


460 
450 


SUBROUTINE INTIME 
CPREBREN to DEEZ 


(D.U.UMAX. 2.05.51 ,DELTA,NZ.NR,ELAGMU, ABSUZ PER: 
DIMENSION D( 120.36). 
12 
1 


Hira 36). UMAN( 36) (2012 0). DELTA(36) , 
20.36) .DELZI( 120) 
36) 2 bo2 


&ABSUZ (120.36) .FEE( 
REAL ALS CIZ0C367 55 f( 


This subroutine maps initial values for the effective 
viscosity 


F (FLAGMU.EQ.0.) TIEN 
Mixing length using Spalding's relation 


DQ 400 J=2, NR 

wy ei [=2, a 
rane le (0.125*DELTA(J))) THEN 
Pelt Anil) i DELTA) 


LS(I,J)=0.8*(Z(1) /Il) 


F (IT.EQ.NZ) THEN 
Eee uD, ity cod Re de ea 
on GeSUe( LJ) =ABS( (UUT+1 ,J)- U(T- 1,5) /(DELAI (I) +DELZH(T-1))) 
! 
FEEC IS 3) =( Dvd) US.CL, J) US Cl es) ApSUc Cl ey PRE ee 
CONTINUE 


ELSE 
Mixing length using Liburdy's relation 


DO 450 J=2. NR 
LS1(J)=0.075*DELTA(J) 
DO 460 I=2, NZ 
4§LS2=173.3333*(VISC/(D(I.J)*UNAX(J)) )**(7./8.)* 
t DELTA(J)**(1. 
LS2=0.42*(1.-EXP((-Z(1)/Il) /ALS2) ) 
LS(I.J)=MIN(LS1(J . LS2) 


Dee 
Usa) 2A ie 
——— 


(I.EQ.NZ) THEN 
_ Austad, (I.J)=ABS((U(1,J)- U(1- 1.J)) /DELZII(1) ) 


ea a J)= ABS ( (U(1+1,J)- U(1- 1.J) ) /(DELZI(1) +DELZH(I-1))) 


PEE(I.J)=(D(I.J)*LS(1.J)*LS(1.J)*ABSUZ(I.J)+VISC) /PREFF 
: CONTINUE | 
2D 


RETURN 
END 
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SUBROUTINE UPDTML (LS1.1.J.VISC.PREFF ,D.UMAX.Z.DELTA.FEE, ABSUZ .H) 


This subroutine updates the values. of effective viscocity 
for the Liburdyv's relation 


DIMENSTON D(120.36) .UWAN(36) .2Z(120) .DELTA(36) .FEE( 120.36) , 
&ABSUZ (120,36) 

REAL. LS(120536) 2051136) 2052 

ALS2abns 239335 ahaa DG mln I Ly ASG 


& DELTA(J)"*(1. Sy) 
LS2=02427(1.- EXRY ee Z(I) /M) /ALS2)) 
Us(tyd)s ee ) .0S2) 
FEE(I,J)=(D(I.J)*LS(1.J)*LS(1.J)*ABSUZ(I,J)+VISC) /PREFF 
RETURN 
END 


SUBROUTINE VELZ (1.J.ROVERI.D.U,DELRUE NR) 


This subroutine uses a Simpson's Rule to integerate the 
continuity eqn. to evaluate the z component of the velocity 


DIMENSION D(120.36) .U(120,36) .FN(2) 
(J.50.NR) THEN 
JX=J 
DELRYX=DELRI 
LSE 


JX=J+1 
DELRUA=DELRIF2. 
END IF 


IFC=1 
DUS ton Pl et 
FN(IFC)=( (1. /ROVERII) * FREER ERE it ss the 
& =(D( EFS J-1)*UIF;J-1))) /DELRUX 
IFC=IFC+1 


=I 


ot 


Interpolating for the values at the i-1/2 node Faker the 
primary node points. i.e. FNM=F(i-1/2)=(F(i-1)+F(i))/2 


Simpson's Rule:  Area=F(i- 1)+4*F(i- 1/2)+F(i) 


FNM=(FN(1)+FN(2 1/2. 
P=FN(1)+4. SNE N(2) 


RETURN 
END 
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SUBROUTINE TGUESS (1.J.DELRI.D.U.W.T.PEE.DELZI) 


This subroutine provides the first guess for the next J 
location ceiling jet temperature 


DIMENSION U(1 cae 36)°.T(120,36) .D(120.36) DELZITCL20 ).. 
FEE(120,36)."{ 120,36) 


At=) (Dest) SUC eet) /( 
Bi=D(1,J-1)*W(1.J-1) /DELZM 
CDENOM=2. DEL Zit ( ) oe 
Gi (FEE(I+1, J-1)+FEE(1I.J-1 
C2=(FEE(I. J- 1) +PEE(I- a: a 1 
pringe ala alee l= ob L. GL 


T(1,J)=((-B1/A1)*(T(1.J 
PUL ar ey he on 
Pr int * eS ije" j . 


1 ) / (DELRII 
1 ) 
* * 
E 


e 


RETURN 
END 


aU: 


APPENDIX A5.2 - NUMERICAL DOMAIN, INITIAL VALUES AND RESULTS, RUN 1 
CEILING JET: INDUCED: BY Aw2.00m kW FIRE 

CEILING HEIGHT, H =1.0 m 

RANGE OF r/H LOCATION: 0.20 - 1.00 

CEILING JET PROPERTIES CALCULATED AT EVERY r/H INCREMENTS of 0.05 

TOTAL NO. OF NODES IN rs DIRECTION= 17 

RANGE OF z DOMAIN: 0.0 - 0.287 

FOR DISTANCE BELOW CEILING=0.058  z INCREMENT=0.0011, NO. OF NODES= 53 
FOR DISTANCE BELOW CEILING=0.172  z INCREMENT=0.0027. NO. OF NODES= 43 


FOR DISTANCE BELOW CEILING=0.230  z INCREMENT=0.0054, NO. OF NODES= 2 


— 


TOTAL NO. OF NODES IN z DIRECTION=117 


**** Tnitial Tomperature Ficld, AT (°C) 


z(m) 


0. 
0.0011 
0.0022 
0.0032 
0.0043 
0.0054 
0.0065 
0.0076 
0.0086 
0.0097 
0.0108 
0.0119 
0.0130 
0.0140 
0.0151 
0.0162 
0.0173 
0.0184 
0.0195 
0.0205 
0.0216 
0.0227 
0.0238 
0.0249 
0.0259 
0.0270 
0.0281 
0.0292 
0.0303 
0.0313 
0.0324 
0.0335 
0.0346 
0.0357 
0.0367 
0.0378 
0.0389 
0.0400 
0.0411 
0.0421 
0.0432 
0.0443 
0.0454 
0.0465 
0.0475 
0.0486 


r/H= 


0.20 


0. 
41.465 
41.377 
41.231 
41.027 
40.766 
40.450 
40.079 
39.656 
39.181 
38.657 
38.086 


5 SA. 


36.813 
36.116 
B29 .001 
34.613 
33.813 
32.985 
32.131 
31.256 
30.361 
29.450 
28.526 
27.592 
26.651 
25.705 
24.758 
23.812 
22.869 
BY) he 
21.006 
20.089 
19.185 
18.295 
17.423 
16.568 
lok (5 
14.919 
14.127 
13.358 
T2605 
11.893 
11.198 
10.529 
9.885 


0.25 


0. 
41.258 
41.196 
41.092 
40.947 
40.762 
40.536 
40.272 
39.968 
39.627 
39.249 
38.836 
38.388 
37.907 
37.394 
36.852 
36.280 
35.681 
35.057 
34.409 
33.139 
33.049 
32.340 
31.614 
30.874 
30.120 
29.355 
28.581 
PME These) 
27.012 
26.220 
25.426 
24.631 
23.836 
23.045 
C2.40t 
21.474 
20.698 
19.930 
19.171 
18.422 
17.685 
16.960 
16.248 
1555) 
14.868 


0.30 


50 


B02 
- 088 
065 
-033 
992 
-942 
-883 
-815 
.738 
-652 
.998 
~455 
2544 
a 
-097 
-962 
819 
- 668 
-910 
2345 
pilitie 
ch de 
-807 
-615 
-416 
SC 
001 
. 786 
2203 
-339 
- 108 
-873 
-633 
-390 
142 
-891 
-637 
- 380 
121 
-858 
-994 
soya 
-059 
-790 


0.40 0. 
0. QO. 
2OeS49 ce 
2OscOmmmee 
COnevoi mee 
2Oac4 5 mmc’ 
26.180 21 
26.1057? }21 
26.013 21 
Pr Peay ee | 
PCTEM = 725! 
25.660 21 
2aen lie Les 
29. J900)7 21 
EIA) ai 
25010 erent 
CAA LM Za 
24.612 20 
24.396 20 
24.168 20 
Z9.990° 20 
23.682 20 
23.424 20 
25-100 Ly 
PAVE) 
22.5593— VAY. 
rapa) ae) 
21.997 19 
2h.68e (nAg 
2teort) w16 
21.047 18 
20.7169 16 
PAB) RES Ate} 
20.042 17 
WE ure 
19.347 17 
sce Ue 
18.636 16 
1822 76am 6 
OSA Ke 
17.947 16 
Wate Ve 
165812 
16.443 15 
16.074 15 
ahs 40 
ino 550 No 
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2519 


AK 


0.60 


0. 
16.409 
16.402 
16.391 
16.375 
16.355 
16.330 
16.301 
16.267 
16.229 
16.187 
16.140 
16.089 
16.034 
15.974 
15.911 
15.843 
Weta 
15.695 
15.615 
18.532 
15.444 
15g3505 
132298 
15.160 
15.058 
14.953 
14.844 
14.732 
14.617 
14.499 
14.377 
14.253 
14.126 
13.996 
13.864 
iSeires 
lSsave 
13.452 
USieouet 
lSilod 
iSe2021 
12.873 
Vee 
Neate 
12.418 


0.90 


0. 

15.444 
15.438 
15.428 
15.414 
WPICSSENs 
152575 
15.350 
eee 
15.287 
15.250 
15.209 
15.164 
BIG Wille 
15.064 
15.008 
14.949 
14.886 
14.820 
14.750 
14.676 
14.600 
14.520 
14.437 
14.350 
14.261 
14.168 
14.072 
13.974 
13.873 
13.768 
13.662 
Seo a2 
13.440 
CERES, 
13.208 
13.089 
12.968 
12.844 
Wn TAN! 
l2soot 
12.461 
12.330 
12.196 
12.062 
Was: 


0. 
14.692 
14.687 
14.678 
14.666 
14.650 
14.630 
14.607 
14.581 
14.551 
14.518 
14.481 
14.441 
14.397 
14.351 
14.300 
14.247 
14.190 
14.131 
14.068 
14.002 
13.933 
13.861 
13.786 
13.708 
13.627 
13.543 
13.457 
13.368 
13.276 
13.182 
13.086 
12.987 
12.885 
12.781 
12.675 
12.567 
12.457 
12.345 
\2neou 
T2etitS 
T1997 
11.878 
11.756 
11.634 
11.509 


z(m) 


0.0497 
0.0508 
0.0519 
0.0530 
0.0540 
0.0551 
0.0562 
0.0573 
0.0600 
0.0627 
0.0654 
0.0681 
0.0708 
0.0735 
0.0762 
0.0789 
0.0816 
0.0843 
0.0870 
0.0897 
0.0924 
0.0951 
0.0978 
0.1005 
0.1032 
0.1059 
0.1086 
0.1113 
0.1140 
0.1167 
0.1194 
0.1221 
0.1248 
0.1275 
0.1302 
0.1329 
0.1356 
0.1383 
0.1410 
0.1437 
0.1464 
0.1491 
0.1518 
0.1545 
Om oie 
Onls99 
0.1626 
0.1653 
0.1680 
OnninOn 


r/H= 


0.20 


9.268 
8.677 
Sali 
7.574 
7.061 

CHE 
Omit 

5.673 
4.681 

3.829 
3.104 
2.494 
1.986 
1.568 
eer, 
0.952 
0.732 
02557 
0.421 
0.315 
0.234 
0.172 
0.125 
0.091 
0.065 
0.046 
0.032 
0.023 
0.016 
0.011 

0.007 
0.005 
0.003 
0.002 
0.001 

0.001 

0.001 

0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 


0.25 


14.201 
HEEL 
USAT 
12.300 
11.701 
Wace 
Ono oi 
10.013 
S27 355 
7.569 
6.518 
Deo, 
4.744 
4.009 
3.367 
2.810 
2.330 
1.920 
1.572 
1.280 
1.035 
0.831 
0.664 
0.527 
0.415 
0.325 
Or225 
0.196 
0.151 
0.115 
0.087 
0.066 
0.049 
0.037 
0.027 
0.020 
0.015 
0.011 
0.008 
0.006 
0.004 
0.003 
0.002 
0.001 
0.001 
0.001 
0.000 
0.000 
0.000 
0.000 


1.769 2.716 
1.544 2.443 
1.343 Fs eft 
1.164 1.963 
1.006 lpia’ 


0.330 Orion 
0.277 0.644 
0.232 0.562 


a eo eae ye a Sr ae ee 
ooor--.}-'.- -- — 


—_ 
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Or 
-648 
.508 
- 366 
Ree> 
-079 
934 
- 789 
-421 
-050 
677 
- 303 
e729, 
1920 
- 186 
-819 
457 
- 100 
nO 
-406 
-071 
744 
~425 
a lee 
-818 
ASE 
Teo 
-983 
ste 
481 
~246 
-023 
-810 
-608 


417 


2e56 
-065 
-905 
754 
mole 
-480 
-356 
-241 
SEE 
.033 
941 
555) 
-776 
- 704 
ASEIL 


z(m) 


0.1734 
0.1788 
0.1843 
0.1897 
0.1951 
0.2005 
0.2059 
Olen te 
0.2167 
0.2221 
0.2275 
0.2329 
0.2383 
0.2437 
0.2491 
0.2545 
0.2599 
0.2653 
0.2707 
0.2761 
0.2815 


r/H= 


0.20 


0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0. 


0.25 


0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0. 


0.30 


-002 
001 
.000 
-000 
-000 
.000 
- 000 
-000 
- 000 
-000 
.000 
.000 
-000 
- 000 
-000 
-000 
-000 
-000 
-000 
-000 
0. 


oo oooo0oe0o0oo0oeo0eo0q0oeeO0o 7 0o0o0o0cdncd oO Oo 


oooo oo oo ooooo0oo o 
ee ce rh ch wk ch oak ore ats arf) feat! 
oO 
oO 
— 


ooo0o0o0ooooqoeqj#eeooog#eeooo a a o 2a 
ec ek Oo Pee fe ete Ue ors or Or Gh. Ge ee ee 
oO 
oO 
ut 


0.60 


0.224 
0.169 
0.126 
0.093 
0.069 
0.050 
0.036 
0.026 
0.018 
0.013 
0.009 
0.006 
0.004 
0.003 
0.002 
0.001 
0.001 
0.001 
0.000 
0.000 


cocooocooooo0eoeooeocao o 
ae he ae ae Se he Pe Pe Oe Ce Oe er 
ro) 
ut 
iS) 


0.90 


Oz 15 
0.467 
0.377 
0.302 
0.241 
0.190 
0.150 
OF a 
0.091 
0.070 
0.054 
0.041 
0.031 
0.023 
0.017 
0.013 
0.010 
0.007 
0.005 
0.004 


ooo9anqaqaooqoq9o0qo09$ceododo«adf odo @G 
ae eR nee Ey a ae ah ac ae ne pee 
—_ 
ao 


KK 


z(m) 


0. 
0.0011 
0.0022 
0.0032 
0.0043 
0.0054 
0.0065 
0.0076 
0.0086 
0.0097 
0.0108 
0.0119 
0.0130 
0.0140 
0.0151 
0.0162 
0.0173 
0.0184 
0.0195 
0.0205 
0.0216 
0.0227 
0.0238 
0.0249 
0.0259 
0.0270 
0.0281 
0.0292 
0.0303 
0.0313 
0.0324 
0.0335 
0.0346 
0.0357 
0.0367 
0.0378 
0.0389 
0.0400 
0.0411 
0.0421 
0.0432 
0.0443 
0.0454 
0.0465 
0.0475 
0.0486 


Initial Velocity Ficld, u (m/s) **** 


r/H= 


0.20 


O525 


0.30 


0.40 0.50 


0.540 0.451 
0.535 0.448 
0.530 0.444 
0.525 0.441 
0.520 0.437 
0.515 0.434 
0.510 0.431 
0.505 0.427 
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z(m) 


0.0497 
0.0508 
0.0519 
0.0530 
0.0540 
0.0551 

0.0562 
0.0573 
0.0600 
0.0627 
0.0654 
0.0681 

0.0708 
0.0735 
0.0762 
0.0789 
0.0816 
0.0843 
0.0870 
0.0897 
0.0924 
0.0951 

0.0978 
0.1005 
0.1032 
0.1059 
0.1086 
OPiS 
0.1140 
0.1167 
0.1194 
0.1221 
0.1248 
0.1275 
0.1302 
0.1329 
0.1356 
0.1383 
0.1410 
0.1437 
0.1464 
0.1491 

0.1518 
0.1545 
0.1572 
0.1599 
0.1626 
0.1653 
0.1680 
0.1707 


r/H= 


0.20 


0.701 
0.686 
0.672 
0.658 
0.644 
0.630 
0.617 
0.604 
Usore 
0.542 
0.513 
0.485 
0.459 
0.435 
0.411 
0.389 
0.368 
0.348 
0.329 
0.311 
0.293 
0.277 
0.262 
0.248 
0.234 
0.221 
0.209 
0.197 
0.186 
Omi 
0.166 
0.156 
0.148 
0.139 
0.131 
0.124 
Oot? 
0.110 
0.104 
0.098 
0.093 
0.088 
0.083 
0.078 
0.073 
0.069 
0.065 
0.062 
0.058 
0.055 


0.25 


0.621 
0.610 
0.600 
0.590 
0.579 
0.569 
0.560 
0.550 
0.526 
0.504 
0.482 
0.461 
0.440 
0.421 
0.402 
0.384 
0.367 
0.351 
0.335 
0.320 
0.305 
0.291 
0.278 
0.265 
0.253 
0.242 
0.231 
0.220 
0.210 
0.200 
0.191 
0.182 
O73 
0.165 
0.158 
0.150 
0.143 
OL137 
0.130 
0.124 
0.118 
OFS 
0.107 
0.102 
0.098 
0.093 
0.089 
0.084 
0.080 
0.077 


0.30 


0.555 
0.547 
OnD59 
0.531 

0.523 
0.516 
0.508 
0.501 

0.483 
0.465 
0.448 
0.431 

0.415 
0.399 
0.384 
0.369 
0.355 
0.342 
0.328 
0.316 
0.303 
0.292 
0.280 
0.269 
0.259 
0.248 
0.239 
0.229 
0.220 
0.211 
0.203 
0.195 
0.187 
0.180 
0.172 
0.165 
0.159 
0.152 
0.146 
0.140 
0.135 
0.129 
0.124 
0.119 
0.114 
0.109 
0.105 
0.101 

0.097 
0.093 


0.60 


0.350 
0.348 
0.345 
0.342 
0.339 
MRLEY¢ 
0.334 
0.331 
0.324 
0.318 
0.311 
0.304 
0.298 
0.291 
0.285 
0.279 
0.272 
0.266 
0.260 
0.254 
0.248 
0.243 
0.237 
0.232 
0.226 
0.221 
0.216 
Ocul 
0.205 
0.201 
0.196 
0.191 
0.186 
0.182 
0.178 
0.173 
0.169 
0.165 
0.161 
O..157 
0.153 
0.149 
0.146 
0.142 
0.138 
0.135 
OB UEY4 
0.128 
Ome 
0.122 


0.75 


0.304 
0.302 
0.300 
0.298 
0.296 
0.294 
D292 
0.290 
0.285 
0.280 
0.275 
0.270 
0.265 
0.260 
0.255 
0.250 
0.245 
0.240 
0.236 
0.231 
0.226 
0.222 
0.217 
0.213 
0.209 
0.204 
0.200 
0.196 
0.192 
0.188 
0.184 
0.180 
0.176 
Do WE 
0.169 
0.165 
0.162 
0.158 
0.155 
OS 2 
0.148 
0.145 
0.142 
0.139 
0.136 
SBE: 
0.130 
OP 
0.124 
Onle2 


0.80 


0.292 
0.290 
0.289 
0.287 
0.285 
0.283 
0.281 
0.279 
0.275 
0.270 
0.265 
0.261 
0.256 
0.251 
0.247 
0.242 
0.238 
0/233 
0.229 
0.225 
0.220 
0.216 
Oc2i2 
0.208 
0.204 
0.199 
0.196 
0.192 
0.188 
0.184 
0.180 
0.177 
0.173 
0.169 
0.166 
0.163 
0.159 
0.156 
e105 
0.150 
0.146 
0.143 
0.140 
0.137 
0.134 
0.132 
0.129 
0.126 
We NE 
0.121 


0.90 


0.273 

0.271 

0.269 
0.268 
0.266 
0.265 

0.263 

0.261 

0.257 
0.253 
0.249 
0.245 
0.241 

0.257 
0.233 
0.229 
0.225 
0.221 

0.217 
0.213 
0.209 
0.205 
0.202 
0.198 
0.194 
0.191 
0.187 
0.184 
0.180 
Ona 
0.173 
0.170 
0.167 
0.164 
0.160 
0.157 
0.154 
O.131 

0.148 
0.145 
0.142 
0.140 


UR EW ee 


0.134 
0.132 
0.129 
0.126 
0.124 
0.121 


seine 


z¢m) 


0.1734 
0.1788 
0.1843 
0.1897 
0.1951 
0.2005 
0.2059 
0.2113 
0.2167 
0.2221 
0.2275 
0.2329 
0.2383 
0.2437 
0.2491 
0.2545 
0.2599 
0.2653 
0.2707 
0.2761 
0.2815 


r/H= 


0.20 


0.052 
0.046 
0.041 
0.036 
0.032 
0.029 
0.025 
0.023 
0.020 
0.018 
0.016 
0.014 
0.013 
0.011 
0.010 
0.009 
0.008 
0.007 
0.006 
0.005 
0.005 


-066 
.060 
-054 
-049 
-045 
041 
-037 
.033 
-030 
027 
025 
-023 
-020 
-019 
Of 7 
0.015 
0.014 
0.012 
0.011 
0.010 


OTS 1O7O TO FO TO TO FOO OO 10 oo 
. 


oO 


0.30 


0.089 
0.082 
0.075 
0.069 
0.063 
0.058 
0.054 
0.049 
0.045 
0.042 
0.038 
0.035 
0.032 
0.030 
0.027 
0.025 
0.023 
0.021 
0.019 
0.018 
0.016 


0.063 0.073 
0.059 0.069 
0.055 0.065 
0.051 0.061 
0.048 0.058 
0.045 0.055 


O20 (CO: O'O 390 70 §-O 7O7O 70 (OO OO O70 30 (OO oO 


-60 


-119 
a te 
107 
-102 
.097 
-092 
.088 
-083 
.079 
Ono 
-071 
- 068 
064 
.061 
.058 
-055 
.052 
-049 
047 
-044 
042 


0.75 


0.119 
0.114 
0.109 
0.104 
0.099 
0.095 
0.091 
0.087 
0.083 
0.079 
0.076 
0.072 
0.069 
0.066 
0.063 
0.060 
0.057 
0.055 
0.052 
0.050 
0.048 


0.80 


0.118 
0.113 
0.108 
0.104 
0.099 
0.095 
0.091 
0.087 
0.083 
0.080 
0.076 
0.073 
0.070 
0.067 
0.064 
0.061 
0.058 
0.056 
0.053 
0.051 
0.049 


0.90 


0.116 
Ora 
0.107 
0.103 
0.099 
0.095 
0.091 
0.087 
0.084 
0.080 
0.077 
0.074 
0.071 
0.068 
0.065 
0.062 
0.060 
0.057 
0.055 
0.053 
0.050 


TIME= 1.0 seconds 
TEMPERATURE DIFFERENCE DISTRIBUTION. AT (°C) 


z¢(m) 


=r ONie fa 
- .0063 
0. 

0.0011 
0.0022 
0.0032 
0.0043 
0.0054 
0.0065 
0.0076 
0.0086 
0.0097 
0.0108 
0.0119 
0.0130 
0.0140 
0.0151 
0.0162 
0.0173 
0.0184 
0.0195 
0.0205 
0.0216 
0.0227 
0.0238 
0.0249 
0.0259 
0.0270 
0.0281 
0.0292 
0.0303 
0.0313 
0.0324 
0.0335 
0.0346 
0.0357 
0.0367 
0.0378 
0.0389 
0.0400 
0.0411 
0.0421 


r/H= 


0.20 


0.25 


0.30 


0.40 0.50 
0. 0. 

0 Ol 
0.30 0.25 
16.14 15698 
20.80 IWeon 
23.94 20.11 
25.26 etme 
25.82 21.65 
26.05 21603 


None 17.64 
19.36 17.40 
19.01 Pigeons) 
18.65 16.90 
18329 16.64 
17.92 16.39 
17.56 16.13 


0.60 


0.22 
11.99 
15.47 
17.74 
18.68 
19.07 
19.23 
19.28 
19.28 
19.25 
19.21 
19.18 
19.16 
19.22 
19.12 
18.85 
18.69 
18.56 
18.44 
18.31 
18.19 
18.05 
lige 
17.78 
17.63 
17.48 
If 335 
licgeulita 
17.01 
16.84 
16.67 
16.49 
16.31 
16.13 
15.94 
Ele es) 
13536 
15.36 
Shale 
14.96 


z(m) 


0.0432 
0.0443 
0.0454 
0.0465 
0.0475 
0.0486 
0.0497 
0.0508 
0.0519 
0.0530 
0.0540 
0.0551 

0.0562 
0.0573 
0.0600 
0.0627 
0.0654 
0.0681 

0.0708 
0.0735 
0.0762 
0.0789 
0.0816 
0.0843 
0.0870 
0.0897 
0.0924 
0.0951 

0.0978 
0.1005 

0.1032 
0.1059 
0.1086 
0.1113 
0.1140 
0.1167 
0.1194 
0.1221 

0.1248 
0.1275 
0.1302 
0.1329 
0.1356 
0.1383 
0.1410 
0.1437 
0.1464 
0.1491 

0.1518 
0.1545 


r/H= 


0.20 


13.36 
12.61 
Walshe 
11.20 
10.53 
9.89 
LRAE 
8.68 
8.11 
tod 
7.06 
6.57 
6.11 
PRLS 
4.68 
3.83 
3.10 
2.49 
1.99 
thoes 
re 
0.95 
0.73 
0.56 
0.42 
0.32 
0.23 
Oa, 
0.13 
0.09 
0.06 
0.05 
0.03 
0.02 
0.02 
0.01 
0.01 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 


0.30 


18.39 
17.82 
anes 
16.69 
16.13 
15.58 
15.04 
14.50 
VEEN 
13.45 
12.94 
12.44 
ECE) 
11.02 
10.00 
8.98 
8.00 
7.08 
6.23 
5.44 
4.73 
4.09 
52 
3.01 
2.56 
Canty 
1.83 
1.53 
Uae 
1.05 
0.87 
0.71 
0.58 
0.47 
0.38 
0.30 
0.24 
0.19 
lo)es ahs, 
0.12 
0.09 
0.07 
0.05 
0.04 
0.03 
0.02 
0.02 
0.01 
0.01 
0.01 


Co 


0.60 


14.76 
14.55 
14.34 
14.13 
ORNL 
Wat 
13.49 
13.28 
13.06 
12.84 
12.62 
12.40 
12.19 
11.80 
ti 35 
10.82 
10.29 
9.76 
9.23 
8.71 
8.20 
7.70 
7.22 
6.75 
6.30 
5.86 
5.44 
5.05 
4.67 
4.30 
3.96 
3.64 
3.34 
3.05 
“an Ths 
2.54 
2.30 
2.09 
1.89 
1.70 
eee) 
1.38 
lee> 
1.10 
0.98 
0.88 
0.78 
0.69 
0.61 
0.54 


0.75 


13.50 
GEES 
eile 
105 
12.86 
12.70 
1VPE) 
12.o/ 
12.20 
12.03 
11.86 
11.69 
WWoEN 
iteet 
10.84 
10.43 
10.01 
9.58 
9.15 
8.72 
8.29 
7.87 
7.46 
7.06 
6.66 
6.28 
Sol 
> 
S548 
4.87 
4.54 
4.24 
3.94 
3.66 
5.59 
3.14 
2.90 
2.68 
2.46 
2.26 
2.07 
1.90 
1.73 
1.58 
1.44 
Rveoil 
1.19 
1.07 
0.97 
0.87 


0.80 


Wis N7/ 
Wssgloye 
12.87 
lewte 
WAI 
12.42 
12.26 
dieieuint 
iiag> 
lese.9, 
11.63 
11.47 
11.31 
11.03 
10.68 
10.29 
9.89 
9.49 
9.08 
8.67 
Sear. 
rat: ¥4 
7.47 
7.09 
6.71 
6.34 
5.98 
5.63 
5.30 
4.97 
4.66 
4.35 
4.07 
Ba (Aes 
3 aS 
Beat 
3.04 
2.81 
2.59 
2.39 
2.20 
2.02 
1.86 
1.70 
1.56 
1.42 
eee, 
1.18 
i Ole 
0.97 


0.90 


gah 
12.46 
12e53 
12.20 
12.06 
Woe 
11.79 
11.65 
liz 
Viloet) 
lice 
11.08 
10.93 
10.68 
10.36 
10.02 
9.66 
9.29 
8.92 
8.55 
8.18 
7.81 
7.45 
7.09 
6.74 
6.39 
6.06 
5.73 
5.41 
5.10 
4.80 
4.51 
4.24 
BECK 
3.71 
3.47 
Dee> 
3.01 
ule, 
Zane, 
2.40 
ence 
2.05 
1.89 
1.74 
1.60 
1.47 
1.34 
e235 
elie 


z(m) 


0.1572 
0.1599 
0.1626 
0.1653 
0.1680 
0.1707 
0.1734 
0.1788 
0.1843 
0.1897 
0.1951 

0.2005 

0.2059 
O2Z2ii5 
0.2167 
0.2221 

Oceano 
0.2329 
0.2383 
0.2437 
0.2491 

0.2545 
0.2599 
0.2653 
0.2707 
0.2761 
0.2815 


r/H= 


0.20 


0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0. 


z VELOCITY DISTRIBUTION, 


z(m) 


Oo 
° 


-0011 
-0022 
-0032 
0043 
-0054 
-0065 
.0076 
- 0086 
.0097 
-0108 
.0119 
-0130 
-0140 
.0151 
.0162 
.0173 
-0184 


Qo oO © Oo oOo co ooo Oo O70, CG Co oOo oO7o 


r/H= 0.20 


0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0&+00 


0.25 


0.0E+00 
0.6E-03 
0.2E-02 
0.3E-02 
0.4E-02 
0.6E-02 
0.7E-02 
0.8E-02 
0.9E-02 
0.1E-01 
OmESOF 
0.1E-01 
0.1E-01 
0.1€-01 
0.1E-01 
ORES OT 
0.2E-01 
0.2E-01 


0.30 


0.0E+00 
0.4E-03 
0.1E-02 
0.2E-02 
0.2E-02 
0.3E-02 
0.3€-02 
0.3&-02 
0.4E-02 
0.4E-02 
0.4E-02 
0.4E-02 
0.4E-02 
Oro erO2 
O.5E-02 
0.5E-02 
ONS E02 
OSSE=02 


0.40 0.50 
0.08 0.25 
0.06 0.21 
0.05 0.18 
G04) ioe 
Ros ues 
0.03 0.11 
0.01 0.05 
0.01 0.04 
0.00 0.02 
0.00 0.02 
0.00 0.01 
0.00 0.01 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0.00 0.00 
0 0. 
w (m/s) 
0.40 0.50 


0.0E+00 0.0E+00 
OQ.1E-035 0.5504 
0.4E-03 0.1E-03 
Ooelse0k) Wo ieoWs 
O.6E-035 0.3603 
O.7E>03, 0.7604 
0.7E-03 0.2E-04 
0.8E-03 -0.5E-04 
0.8&-03 -0.1E-03 
O.7E203°-0, 26205 
ONZE -05.-O055b205 
0.6E-03 -0.4E-03 
066-03. <0. 556205 
Mesos; oO} solts) 
0.4E-03 -0.8E-03 
0-36-03 -0.96-03 
OSZE-05 5-05 1E- 02 
OSE 04e- Oo E- O02 


- 274- 


0.60 


0.47 
0.42 
0.36 
0.32 
0.28 
0.24 
0.16 
0.12 
0.09 
0.06 
0.04 
0.03 
0.02 
0.01 
0.01 
0.01 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 


0.60 


0.0E+00 
0.1E-04 
0.2E-04 
-0.2E-04 
-0.8E-04 
“O. 26-03 
-0.2E-03 
SOsSEa0S 
-0.4E-03 
-0.6E-03 
OC eeOS 
-0.8E-03 
-0.9E-03 
“0 -9&-02 
=O. 16-02 
=O CE -02 
SOE -02 
(42 902 


0.75 


0.79 
0.71 

0.63 
0.57 
0.51 

0.45 

0.36 
0.28 
O20 

0.16 
Ome 
0.09 
0.07 
0.05 
0.04 
0.03 
0.02 
0.01 

0.01 
0.01 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
QO. 


UAT) 


0.0E+00 
310) 7A 
-0.4E-04 
Oe EaOS 
-0.2E-03 
*055E-03 
-0.4E-03 
SOR56<05 
=0.6F 203 
-0.7E-03 
-0.6E-05 
-0.9E-03 
“OC PEs O02 
Onis Oe 
JOR 02 
-0.1E-02 
028-02 
=Qece=0e 


0.80 


0.87 
0.79 
0.71 

0.64 
0.58 
0.52 
0.42 
0.33 
0.26 
0.20 
OS 
0.12 
0.09 
0.07 
0.05 
0.04 
0.03 
0.02 
0.01 
0.01 
0.01 
0.00 
0.00 
0.00 
0.00 
0.00 
0. 


0.86 


0.0E+00 
-0.1E-04 
-0.5E-04 
“05082035 
-0.2E-03 
-0.3E-03 
-0.4E-03 
-0.5E-03 
-0.6E-03 
-0.7E-03 
-0.8E-03 
-0.9E-03 
Obed 2 
[OME sa2 
-0.1E-02 
JO cee =e 
“O052E-02 


sOaceoud 


0.90 


1302 

0.93 

0.84 

0.77 
0.69 
0.63 

0.52 
0.42 
0.34 
0.27 
0.21 

Ons 
0.13 
0.10 
0.08 
0.06 
0.04 
0.03 
0.02 
0.02 
0.01 
0.01 
0.01 
0.00 
0.00 
0.00 
QO. 


0.90 


0.0E+00 
-0.1E-04 
-0.6E-04 
-0.1E-03 
“0.26 -05 
-0.SE503 
-0.4E-03 
-0.5E-03 
-0.6E-03 
-0.7E-03 
-0.8E-03 
-0.9E-03 
*0,1Esb2 
Ost eave, 
Wins chs 
“On TER 02 
“0. 2E=02 
SUsce=0e 


1.00 


0.0E+00 
-0.3E-04 
-0.1E-03 
-0.2E-03 
“07 2E=05 
-0.3E-03 
-0.4E-03 
-0.5E-03 
-0.6E-03 
“0.76205 
-0.8E-03 
-0.9E-03 
-0.1E-02 
-0.1E-02 
AG Sa0F2 
0a GiaOe 
-O71E-02 
“Oote- Oe 


z(m) 


0.0195 
0.0205 
0.0216 
0.0227 
0.0238 
0.0249 
0.0259 
0.0270 
0.0281 

0.0292 
0.0303 
0.0313 
0.0324 
0.0335 
0.0346 
0.0357 
0.0367 
0.0378 
0.0389 
0.0400 
0.0411 
0.0421 
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-0.3€-01 
-0.3€-01 
-0.3E-01 

0.0&+00 


1.00 


-0.1E-01 
-0.1E-01 
-0.1E-01 
-0.1E-01 
-0.1E-01 
-0.1E-01 
-0.1E-01 
-0.1E-01 
-0.1E-01 
-0.1E-01 
-0.1£-01 
-0.1E-01 
-0.1E-01 
-0.1E-01 
“OS1ESO1 
-0.1E-01 
-0.1E-01 
-0.2E-01 
=0).2E=01 
-0.2E-01 
-0..2E-01 
-0.2E-01 
-0.2E6-01 
-0.2E-01 
-0.2E-01 
-0.2E-01 
-0.2E-01 
-0.2E-01 
-0.2E-01 
“"Once-01 
“Oc2be0n 
-0.2E-01 
“O2E- 0 
-0.2E-01 
-0.2E-01 
-0.2E-01 
-0.2E-01 
-0.2E-01 
-0.2E-01 
AOE 4187) 
-0.2E-01 
-0.2E-01 
-0.2E-01 
-0.2E-01 
-0.3E-01 
-0.3E-01 
-0.56-01 
=0.3E-01 
0.0E+00 


TIWE= 5.0 seconds 
TEMPERATURE DIFFERENCE DISTRIBUTION, AT (°C) 


z(m) fr/H= 


- 0127 
- .0063 
0. 

0.0011 
0.0022 
0.0032 
0.0043 
0.0054 
0.0065 
0.0076 
0.0086 
0.0097 
0.0108 
0.0119 
0.0130 
0.0140 
0.0151 
0.0162 
0.0173 
0.0184 
0.0195 
0.0205 
0.0216 
0.0227 
0.0238 
0.0249 
0.0259 
0.0270 
0.0281 
0.0292 
0.0303 
0.0313 
0.0324 
0.0335 
0.0346 
0.0357 
0.0367 
0.0378 
0.0389 
0.0400 
0.0411 
0.0421 
0.0432 
0.0443 


0.20 


0. 
41.47 
41.38 
41.23 
41.03 
40.77 
40.45 
40.08 
39.66 
39.18 
38.66 
38.09 
37.47 
36.81 
36.12 
35.38 
34.61 
33.81 
32.98 
a2. 15 
31.26 
30.36 
29.45 
28.53 
27.59 
26.65 
25.0 
24.76 
23.81 
22.87 
21.93 
21.01 
20.09 
19.18 
18.30 
17.42 
WAENE 
lio 
14.92 
14.13 
13.36 
12.61 


0.25 


0.01 
2.02 
ean 22 
28.53 
34.41 
37.24 
38.60 
ogece 
39.49 
39.46 
39.19 
38.89 
38.53 
38.12 
37.67 
37.18 
36.65 
36.08 
35.49 
34.87 
34.23 
SSeS 
32.87 
S2anG 
31.44 
30.70 
29.95 
29.18 
28.41 
27.63 
26.84 
26.05 
Fe 
24.46 
23.66 
22.87 
22.08 
21.30 
20.53 
19.76 
19.00 
18x25 
ligesi2 


0.30 


0.40 0.50 
0 QO. 
0.00 0.00 
1.26 1.06 
iSeiirg diet 
18.08 lDEeir 
225 16 18.65 


(25) {3%} 21.60 
49} 21.81 
26.39 ae 91 
conve 21.96 
27.02 22.05 
26.66 22.20 
25.99 22.21, 


21.43 18.81 
21.10 18.59 
20.77 18.36 
20.43 18.13 
20.08 17.89 
19.73 17.65 
19.38 17.41 
19.02 17.16 


0.60 


-90 


z(m) 


0.0454 
0.0465 
0.0475 
0.0486 
0.0497 
0.0508 
0.0519 
0.0530 
0.0540 
0.0551 

0.0562 
0.0573 
0.0600 
0.0627 
0.0654 
0.0681 
0.0708 
0.0735 
0.0762 
0.0789 
0.0816 
0.0843 
0.0870 
0.0897 
0.0924 
0.0951 
0.0978 
0.1005 
0.1032 
0.1059 
0.1086 
Otis 
0.1140 
0.1167 
0.1194 
0.1221 

0.1248 
0.1275 
0.1302 
0.1329 
0.1356 
0.1383 
0.1410 
0.1437 
0.1464 
0.1491 

0.1518 
0.1545 
0.1572 
0.1599 


r/H= 0.20 


11.89 

11.20 

10.53 
9.89 
Oren 
8.68 
8.11 
oer 
7.06 
6.57 
6.11 
5.67 
4.68 
3.83 
3.10 
2.49 
ek 
isex 
1.23 
0.95 
0.73 
0.56 
0.42 
0.32 
0.23 
0.17 
0.13 
0.09 
0.06 
0.05 
0.03 
0.02 
0.02 
0.01 
0.01 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 


0.30 


ligne 
16.68 
Nee 12 
WEP / 
15.02 
14.48 
ISEo5 
13.43 
12.92 
12.42 
11276 
ORiie 
9.70 
8.70 
7.74 
6.83 
5.98 
Seal 
4.50 
3.87 
Deol 
2.81 
2.38 
2.00 
1.67 
1.38 
1.14 
0.93 
0.76 
0.61 
0.49 
0.39 
0.31 
0.24 
0.19 
0.15 
0.11 
0.09 
0.07 
0.05 
0.04 
0.03 
0.02 
0.01 
0.01 
0.01 
0.01 
0.00 
0.00 
0.00 


0.60 


14.35 
14.14 
(Seve 
Sal 
13.50 
13.28 
13.06 
12.84 
12.62 
12.40 
12.10 
aval 
11.26 
10.77 
10.25 
9:73 
9.20 
8.68 
8.17 
ANE 
7.18 
6.71 
6.26 
2.82 
5.40 
5.00 
4.62 
4.26 
3.92 
3.60 
Se? 
3.01 
2.74 
2.49 
2.26 
2.05 
1.85 
1.66 
1.50 
1.34 
1.20 
1207 
0.95 
0.85 
O75 
0.66 
0.58 
0.51 
0.45 
0.39 


0.75 


Sato 
13.03 
12.86 
12.70 
12255 
12057, 
12.20 
12.03 
11.86 
11.69 
11.45 
TEAS 
10.79 
10.40 
9.98 
9.56 
9.13 
8.70 
8.28 
7.86 
7.44 
7.04 
6.64 
6.26 
5.89 
2455 
5.18 
4.84 
4.52 
4.21 
3.92 
3.64 
3.37 
De te 
2.88 
2.65 
2.44 
2.24 
2.05 
1.87 
1.71 
1.56 
1.42 
1.29 
are 
1.05 
0.95 
0.86 
0.77 
0.69 


0.80 


12.87 
lemme 
feet, 
12.42 
J2ce0 
12.11 
lilies > 
VT? 
TieGS 
11.47 
Viges 
10.96 
10.63 
10.26 
9.87 
9.47 
9.06 
8.66 
8.25 
7.85 
7.46 
720K 
6.69 
6.32 
5.96 
5.62 
oneo 
4.95 
4.64 
4.34 
4.05 
i bala 
3.50 
nee 
5501 
cate 
re¥ & 
rN 
2.10 
2.00 
1.84 
1.68 
1.54 
1.40 
1.27 
1.16 
hale 
oe) 
0.86 
Of G0 


0.90 


A\eaneis 
12.19 
12.06 
11.92 
Weg 
11.65 
GEN 
11.36 
lee, 
11.08 
10.88 
10.62 
10.32 
9.99 
9.63 
9.20 
8.90 
8.53 
8.16 
7.80 
7.43 
7.08 
6.73 
6.38 
6.05 
51k 
5.40 
5.09 
4.79 
4.50 


- 4.22 


3-95 
3.70 
3.45 
a Py as 
2.99 
2.78 
2.58 
2.39 
2.21 
2.04 
1.88 
lara 
1.58 
1.45 
1.33 
era 
1g 
1.01 
0.92 


z(m) 


0.1626 
0.1653 
0.1680 
0.1707 
0.1734 
0.1788 
0.1843 
0.1897 
0.1951 
0.2005 
0.2059 
0.2113 
0.2167 
0.2221 
0.2275 
0.2329 
0.2383 
0.2437 
0.2491 
0.2545 
0.2599 
0.2653 
0.2707 
0.2761 
0.2815 


r/H= 


0.20 


0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 


0.00 


0.00 
0.00 
0.00 
0.00 
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-00 
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00 
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-70 
-63 
-96 
-48 
ao 
Ae) 
see 
mali 
Se 
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.07 
-05 
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-03 
-02 
-01 
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-00 
-00 
-00 
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00 
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-90 


83 
ace 
.68 
59 
48 
.38 
30 
24 
18 
14 
ey 
.08 
.06 
.05 
.03 
.02 
.02 
01 
.01 
.01 
-00 
.00 
.00 
.00 


TIME=30.0 seconds 
TEMPERATURE DIFFERENCE DISTRIBUTION, AT (°C) 


z(m) 


“OLEL 
- .0063 
0. 

0.0011 
0.0022 
0.0032 
0.0043 
0.0054 
0.0065 
0.0076 
0.0086 
0.0097 
0.0108 
0.0119 
0.0130 
0.0140 
0.0151 
0.0162 
0.0173 
0.0184 
0.0195 
0.0205 
0.0216 
0.0227 
0.0238 
0.0249 
0.0259 
0.0270 
0.0281 
0.0292 
0.0303 
0.0313 
0.0324 
0.0335 
0.0346 
0.0357 
0.0367 
0.0378 
0.0389 
0.0400 
0.0411 
0.0421 
0.0432 
0.0443 
0.0454 
0.0465 


r/H= 


0.20 


0.25 


0.01 
0.30 
9.21 
20.83 
26.62 
32.03 
35.09 
36.85 
37.86 
38.53 
38.93 
38.82 
38.57 
38.25 
37.87 
37.44 
36.97 
36.45 
35.90 
Soe t 
34.70 
34.06 
55059 
Scr 
32.00 
Slmen 
30.53 
29.78 
29.02 
28.24 
27.46 
26.67 
25.88 
25.08 
24.29 
23.50 
22.70 
aleve 
21515 
20.36 
19.59 
18.84 
18.09 
liG@es5 
16.63 
ipieve 


0.30 


0.00 
0.24 
7.19 

16.14 

21.20 

26.44 

29.69 

31.81 

33.28 

34.33 

35.09 

35.16 

34.44 

33.89 

33.41 

32.94 

32.49 

32.04 

31.59 

31.14 

30.67 

30.20 

29.71 

29.22 

28.71 

28.19 

27.66 

27.12 

26.57 

26.02 

25.45 

24.88 

24.30 

23.72 

23.13 

22.54 

21.95 

21.35 

20.76 

20.17 

19.57 

18.99 

18.40 

17.82 

17.58% 

16.67 


0.60 


0.00 
0.14 
4.16 
9.34 

12.28 

15.15 

16.86 

17.89 

18.52 

18.90 

19.12 

19.27 

19.38 

19.51 

19.64 

19.73 

19.48 

19.06 

18.84 

18.67 

18.52 

18.38 

18.24 

18.10 

17.96 

17.81 

17.66 

17.51 

17.35 

17.19 

17.03 

16.86 

16.69 

16.51 

16.33 


16.14. 


15.96 
15.76 
1Dt07, 
VE EMS 
Val 
14.97 
14.77 
14.56 
14.35 
14.14 


0.75 


0.00 
0.12 
3.66 
8.21 
10.79 
13 er 
14.74 
15.62 
16.15 
16.47 
16.65 
16.74 
16.80 
16.83 
16.86 
16.91 
16.96 


16.95 


16.67 
16.44 
16.30 
16.19 
16.08 
15.98 
15.88 
estes 
15.66 
eee 
15.43 
15.31 
Seto 
epel eee 
14.94 
14.81 
14.67 
14.54 
14.40 
14.25 
14.11 
13.96 
13.81 
13.66 
T3590 
Seo 
Ven 
13.03 


0.80 


0.00 
0.12 
3.53 
7.94 
10.43 
12.82 
14.23 
15.08 
15.59 
15.89 
16.06 
16.15 
16.20 
16.22 
16.23 
16.26 
16.31 
16.33 
16.21 
HEIR 
15.76 
15.65 
1522 
15.46 
15.36 
15.26 
13-516 
15.06 
14.96 
14.85 
14.73 
14.62 
14.50 
14.38 
14.25 
14.13 
14.00 
13.86 
E35 
13.29 
13.45 
13..31 
eres ie 
13.02 
12.87 
eae 


0.90 


0.00 
0.11 
3.33 
7.49 
9.84 
12.08 
13.40 
14.20 
14.67 
14.95 
13211 
15.19 
15-225, 
15.24 
15.24 
15.24 
15.26 
15.28 
15429 
15.13 
14.90 
14.78 
14.68 
14.60 
14.52 
14.43 
14.35 
14.26 
14.16 
14.07 
13.97 
13.87 
13.76 
13.66 
13°95 
13.44 
liseoe 
13.20 
13.09 
12.96 
12.84 
12.71 
Fae) 
12.46 
Nee 
Tas 19 


z(m) 


0.0475 
0.0486 
0.0497 
0.0508 
0.0519 
0.0530 
0.0540 
0.0551 

0.0562 
0.0573 
0.0600 
0.0627 
0.0654 
0.0681 

0.0708 
0.0735 
0.0762 
0.0789 
0.0816 
0.0843 
0.0870 
0.0897 
0.0924 
0.0951 
0.0978 
0.1005 
0.1032 
0.1059 
0.1086 
0.1113 
0.1140 
0.1167 
0.1194 
0.1221 

0.1248 
Oealevo 
0.1302 
0.1329 
0.1356 
0.1383 
0.1410 
0.1437 
0.1464 
0.1491 

0.1518 
0.1545 
0.1572 
0.1599 
0.1626 
0.1653 


r/H= 0.20 


10.53 
9.89 
eer 
8.68 
8.11 
(aot 
7.06 
6.57 
6.11 
DO) 
4.68 
3.83 
3.10 
2.49 
1.99 
Wee 
123 
0.95 
0.73 
0.56 
0.42 
0.32 
0.23 
0.17 
0.13 
0.09 
0.06 
0.05 
0.03 
0.02 
0.02 
0.01 
0.01 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 


0.30 


16.10 
15.54 
14.99 
14.45 
13.92 
13.39 
12.82 
12.13 
dile27, 
1Ow21 
9.17 
8.17 
Une 
6.32 
5.50 
4.74 
4.06 
3.45 
2.91 
2.44 
2.03 
1.67 
es7 
led 
0.90 
0.72 
OF 
0.45 
0.35 
0.27 
0.20 
0.15 
0.11 
0.08 
0.06 
0.04 
0.03 
0.02 
0.02 
0.01 
0.01 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 


0.60 


13.93 
WEBI 
13.50 
13.28 
13.06 
12.84 
12.60 


rence 


11.98 
159 
Aitientis 
10.67 
10.17 
9.65 
9.13 
8.61 
8.10 
7.60 
7.11 
6.64 
6.18 
5.74 
Soe 
4.92 
4.54 
4.17 
5eo5 
Se 
Seen 
2.92 
2.65 
2.41 
2.18 
1296 
qe 7i7, 
1.59 
1.42 
leet 
ho (lS 
1.00 
0.89 
0.79 
0.69 
0.61 
0553 
0.47 
0.41 
O55 
0.31 
0.26 


0.75 


12.86 
12.70 
2553 
URES 
12.20 
12.03 
11.84 
11.62 
11.36 
11.05 
10.70 
10.32 
9.92 
9.51 
9.09 
8.66 
8.24 
7.82 
7.41 
7.00 
6.60 
6.22 
5.84 
5.48 
2a ve! 
4.80 
4.47 
4.16 
3.87 
3509 
Seoe 
3.07 
2.83 
2.60 
2.39 
esiie) 
2.00 
1.83 
1.67 
Yoel 
WokX/ 
1.24 
ali 
1.01 
0.91 
0.82 
0.74 
0.66 
0.59 
0.51 


0.80 


eno 
12.42 
12.26 
fe Ua. 
16,95 
Nien? 
11.61 
11.41 
11.16 
10.87 
10.55 
10.19 
9.81 
9.42 
9.02 
8.62 
8.22 
e8e 
7.43 
7.04 
6.66 
6.29 
Dees 
Soak 
5.24 
4.91 
4.60 
4.29 
4.00 
S75 
3.46 
3.21 
2.97 
fe) 
Papp e) 
2:35 
2.14 
1.96 
1.80 
1.64 
1.50 
1.36 
1.24 
late 
1.02 
0.92 
0.83 
0.75 
0.67 
0.59 


0.90 


12.06 
11.92 
lg tA3} 
11.64 
11.50 
11.36 
11.20 
11.02 
10.80 
10.54 
10.25 
9.93 
9.59 
9.23 
8.87 
8.50 
8.14 
hatte 
7.41 
(203 
6.70 
6.36 
6.02 
5.69 
Shor 
5.06 
4.76 
4.47 
4.19 
3.92 
3.67 
3.42 
Ba kes 
2.96 
este 
Ate) 
2.36 
2.18 
2.01 
1.85 
1.70 
1.56 
1.42 
Vode 
1.19 
1.08 
0.98 
0.89 
0.81 
0.72 


z¢(m) 


- 1680 
.1707 
1734 
- 1788 
- 1843 
- 1897 
21951 
-2005 
-2059 
-2113 
-2167 
«eee 
HATS 
-2329 
- 2383 
-2437 
-2491 
22945 
-2599 
- 2653 
-2707 
2761 
0.2815 
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0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0. 


0.25 


oO 


qooooo0o0o0eoe0eoe0o0o0o0co0o ooo oo0o0o0o0 oOo 
° 


00 
-00 
.00 
-00 
-00 
-00 
-00 
-00 
-00 
-00 
.00 


00 


-00 
.00 
-00 
-00 
-00 
00 
-00 
00 
00 
.00 


o o o-oo oo: Oo Co OFC, © oO 207' oo 2,co 2,0 °o 2 © a *o 
e . 


-40 0.50 
01 0.06 
00 0.02 
-00 0.00 
-00 0.00 
00 0.00 
.00 0.00 
00 0.00 
.00 0.00 
-00 0.00 
00 0.00 
-00 0.00 
00 0.00 
00 0.00 
00 0.00 
-00 0.00 
-00 0.00 
00 0.00 
-00 0.00 
00 0.00 
-00 0.00 
-00 0.00 
-00 0.00 
0! 


oF Oo OC CF OQ, OC; OC, CO) OF O77 Or OC CO 2'.0° OCF S&S 


oO 


0. 
Q. 
0. 


Ve 


43 
254 
ye) 
-16 
edit 
-08 
-05 
-04 
-02 
-02 
-01 
-01 
00 
.00 
-00 
.00 
.00 
.00 
-00 
-00 


00 
00 


or OO - OC: O*>.o* OC} C- O- Oo oO. Go, Oo ..eo oo: eo o..c oO CG 
soe si (ee scl 6+ 6 CA tee Cee Sa — OO , OR Oe — be ONL OA enn eho (bh SAO “ell = iv 
oO 
~w 


0.90 


0.63 
0.52 
0.40 
0.31 
0.24 
0.18 
0.14 
0.10 
0.07 
0.05 
0.04 
0.03 
0.02 
0.01 
0.01 
0.01 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0. 


TIWE= 1.0 minutes 


TEMPERATURE DIFFERENCE DISTRIBUTION, AT (°C) 
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0.00 


0.00 


0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0. 


oO 


0. 
0. 
Gs 


Oo © oO Se SG CO 2 © © © © @ © ©O%020"70O +070 5a 
° e 


-40 0.50 
00 0.00 
00 0.00 
00 0.00 
.00 0.00 
.00 0.00 
.00 0.00 
.00 0.00 
.00 0.00 
00 0.00 
-00 0.00 
.00 0.00 
00 0.00 
-00 0.00 
.00 0.00 
00 0.00 
00 0.00 
-00 0.00 
.00 0.00 
00 0.00 
-00 0.00 
00 0.00 
00 0.00 
00 0.00 
0. 
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-60 


.00 
-00 
-00 
-00 
.00 
.00 
.00 
00 
00. 
.00 
-00 
-00 
00 
-00 
00 
.00 
.00 
00 
-00 
-00 
00 
-00 
-00 


0.75 


0.02 
0.01 
0.01 
0.00 
0.00 
0.00 
0.00 
0.00 


~ 0.00 


0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0. 


0.80 


0.04 
0.02 
0.01 
0.01 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0. 


O60, 070-00, G4, 0.0 0,0, 0,0) 0,0, 0,0, 0502059050 70752 
° . . 


.00 
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09 
05 
03 


01 


01 
-00 


00 


.00 
-00 
.00 
.00 
-00 
-00 


00 


-00 
00 
.00 
.00 
-00 
-00 
-00 


TIME=39.0 minutes 
TEMPERATURE DIFFERENCE DISTRIBUTION. AT (°C) 


z(m) r/H= 


2 lolita 
- .0063 
0. 

0.0011 
0.0022 
0.0032 
0.0043 
0.0054 
0.0065 
0.0076 
0.0086 
0.0097 
0.0108 
0.0119 
0.0130 
0.0140 
0.0151 
0.0162 
0.0173 
0.0184 
0.0195 
0.0205 
0.0216 
0.0227 
0.0238 
0.0249 
0.0259 
0.0270 
0.0281 
0.0292 
0.0303 
0.0313 
0.0324 
0.0335 
0.0346 
0.0357 
0.0367 
0.0378 
0.0389 
0.0400 
0.0411 
0.0421 
0.0432 
0.0443 


0.20 


0.25 


34.55 
35.44 
37.87 
38.78 
39.21 

39.57 
39.73 
39.77 
39.69 
39.37 
38.43 
37.63 
37.08 
36.56 
36.03 
35.49 
34.92 
34.32 
33.71 
33.07 
32.40 
31.71 
31.00 
30.28 
29.53 
28.77 
28.00 
27.21 
26.41 
25.61 
24.80 
23.98 
23.16 
22.34 
21.52 
20.70 
19.88 
19.06 
18.25 
17.45 

16.65 

15.87 
15.08 
831 


0. 


40 0.50 
64 21.01 
84 22.14 
25 25.43 
51 26.65 
26 27.39 
04 28.16 
56 28.69 
93 29.10 
19 29.42 
36 BAM, 
43 29.86 
55 Coma 
89 ING 
53 29.76 
42 28.98 
81 27.28 
32 26.30 
86 25.69 
41 2oer 
96 24.78 
Sil 24.36 
05 23.96 
59 250 
12 So ie} 
64 22.79 
16 22.42 
67 22.04 
17 21.66 
67 21.29 
16 20.92 
64 20.54 
11 20.17 
58 19.79 
03 19.40 
48 19.01 
91 18.62 
34 18.21 
rhe) 17.79 
14 17.36 
ae 16.92 
89 16.46 
23 ele 
56 15.49 
87 14.97 


oe 


0.60 


Woes 


18.25 - 


21.03 
22.07 
rae A 
(Bh Sf 
23.83 
24.19 
24.49 
24.74 
24.97 
25.16 
Zone 
25.38 
25.31 
24.94 
23.45 
22e16 
21.58 
21.16 
20.81 
20.49 
20.18 
19.89 
19.60 
19.32 
19.05 
18.78 
18251 
1er25 
17.98 
Maire 
17.45 
17.18 
16.91 
16.63 


16.35 


16.06 
alee) 
15.44 
pene 
14.78 
14.42 
14.05 


0.75 


13072 
14.34 
16.20 
16.90 
17935 
17.78 
18.10 
18.36 
18.58 
18.78 
18.96 
19.14 
19.31 

19.46 
19.59 
19.66 
19.63 
19.30 
18.29 
17.67 
17.34 
VW7e10 
16.89 
16.70 
16.52 
16.35 
16.18 
16.01 
15.84 
15.67 
15.50 
15.34 
15.16 
14.99 
14.81 
14.63 
14.44 
14.25 
14.05 
13.85 

13.63 
13.41 

13217 
12.93 


0.80 


12.95 

13.49 
Heinvill 

dome 
16.10 
16.49 
16.78 
17.00 
17.20 
17.38 
o> 
Wo 

17.87 
18.02 
18.15 
18.26 
18.31 
18.23 
17.65 
16.86 
16.53 
16.30 
16.12 
15.96 
15.80 
15.65 
15.50 
15.36 
13521 
15.06 
14.92 
14.77 
14.61 
14.46 
14.30 
14.14 
15.97 
13.80 
13.62 
13.44 
13.24 
13.04 
12.83 
12.61 


0.90 


Weiss 

12.25 

isso 

14.00 
14.30 
14.62 
14.85 

15.04 
15.20 
Pes 
15.49 
15.62 
15.75 
15.88 
16.00 
16.10 
16.19 
16.24 
16.19 
15.76 
1bp29) 
1Se07 
14.92 
14.79 
14.67 
14.55 
14.44 
14.32 
14.21 
14.09 
13.97 
13.85 
13.73 
13.60 
13.47 
13.34 
13.20 
13.05 
12,90 
12.75 

12.58 
12.41 

12.24 
12.05 


1.00 


11.03 
11.40 
12.46 
12.87 
13.12 
13.40 
13.60 
13.76 
13.90 
14.03 
14.15 
14.26 
14.37 
14.47 
14.57 
14.66 
14.74 
14.80 
14.83 
14.76 
14.41 
14.15 
14.01 
13.89 
13.79 
13.70 
13.61 
13.332 
13.42 
13835 
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13E3 
13.03 
12.92 
12.81 
12.69 
12.58 
12.45 
12.32 
12.19 
12.04 
11.90 
11.74 
11.58 


z(m) 


0.0454 
0.0465 
0.0475 
0.0486 
0.0497 
0.0508 
0.0519 
0.0530 
0.0540 
0.0551 

0.0562 
0.0573 
0.0600 
0.0627 
0.0654 
0.0681 

0.0708 
0.0735 
0.0762 
0.0789 
0.0816 
0.0843 
0.0870 
0.0897 
0.0924 
0.0951 

0.0978 
0.1005 
0.1032 
0.1059 
0.1086 
0.1113 
0.1140 
0.1167 
0.1194 
0.1221 

0.1248 
0.1275 
0.1302 
Omse? 
0.1356 
0.1383 
0.1410 
0.1437 
0.1464 
0.1491 

0.1518 
0.1545 
0.1572 
0.1599 


r/H= 0.20 


11.89 
11.20 
10.53 

9.89 
9.27 
8.68 
8.11 

7.57 

7.06 
6.57 
6.11 
5.67 
4.68 
3.83 
3.10 
2.49 
1.99 
1.57 
1.25 
0.95 
0.73 
0.56 
0.42 
0.32 
0.23 
0.17 
0.13 
0.09 
0.06 
0.05 
0.03 
0.02 
0.02 
0.01 
0.01 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
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0.60 


13.66 
13.24 
12.80 
12.34 
11.84 
cise 
10.77 
10.19 
9.58 
8.94 
8.27 
(aor 
6.89 
6.24 
5.61 
5.02 
4.46 
3.94 
3.46 
3.01 
2.61 
2.24 
1.91 
1.62 
1.36 
Voile 
0.93 
0.76 
0.62 
0.50 
0.40 
0.31 
0.24 
0.19 
0.14 
0.11 
0.08 
0.06 
0.04 
0.03 
0.02 
0.02 
0.01 
0.01 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 


0.75 


12.67 
12.40 
12.11 
11.80 
11.48 
AAAS 
10.76 
1037 
ark) 
9201 
9.04 
8.53 
8.03 
iaoe 
7.03 
6.54 
6.07 
5.60 
5 Ue 
4.72 
4.30 
Dies 
Lee) 
3.18 
Bats 
2.54 
2.2) 
1.98 
1.74 
Nese 
132 
eS 
0.97 
0.83 
0.70 
0.59 
0.49 
0.40 
0.33 
0.27 
O22 
ONG 
0.14 
0.11 
0.08 
0.06 
0.05 
0.04 
0.03 
0.02 


0.80 


12.38 
Wo JE 
11.88 
11.60 
iced 
11.01 
10.68 
10.34 
9.97 
9.58 
9.16 
8.72 
8.27 
7.82 
Teor 
6.93 
6.49 
6.05 
5.63 
2) 5 (41) 
4.81 
4.42 
4.05 
3.69 
Sas 
37503 
rea 
2.44 
2.18 
ov 
1.71 
leeks, 
sett 
1.13 
0.98 
0.84 
0.71 
0.60 
0.51 
0.42 
0.35 
0.28 
0.23 
0.19 
O15 
0.12 
0.09 
0.07 
0.05 
0.04 


0.90 


11.85 
11.65 
11.43 
11.21 
10.97 
10.72 
10.45 
10.17 
9.87 
9.56 
9025 
8.88 
Save 
Sen 
7.78 
7.41 
7.03 
6.65 
6.28 
Dewi 
5.54 
5.18 
4.83 
4.48 
4.15 
Sno 
Bene 
See2 
2.94 
2.67 
2.41 
r Seas fr 
1.94 
Ler) 
1.54 
1.36 
1.19 
1.04 
0.90 
ORG 
0.66 
0.56 
0.47 
0.39 
Os32 
0.26 
0.21 
Oat 
0.13 
0.10 
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z¢(m) 


0.1626 
0.1653 
0.1680 
0.1707 
0.1734 
0.1788 
0.1843 
0.1897 
0.1951 
0.2005 
0.2059 
0.2113 
0.2167 
0.2221 

0.2275 
0.2529 
0.2383 
0.2437 
0.2491 

0.2545 
0.2599 
0.2653 
0.2707 
0.2761 

0.2815 


r/H= 0.20 


0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0. 


z VELOCITY DISTRIBUTION, w (m/s) 


z¢(m) 


0. 

0.0011 
0.0022 
0.0032 
0.0043 
0.0054 
0.0065 
0.0076 
0.0086 
0.0097 
0.0108 
0.0119 
0.0130 
0.0140 
0.0151 
0.0162 
0.0173 
0.0184 
0.0195 
0.0205 


r/H= 0.20 


0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0€+00 
0.0€+00 
0.0€+00 
0.0E+00 
0.0E+00 
0.0£+00 
0.0E+00 
0.0E+00 
0.0&+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0£+00 
0.0E+00 
0.0€+00 


0.25 


0.0&+00 
0.7E-03 
0.2E-02 
0.4E-02 
0.5E-02 
0.6E-02 
0.8E-02 
0.9E-02 
0.1E-01 
OSEsO1 
0.1E-01 
0.1£-01 
0.1E-01 
0.1E-01 
0.2E-01 
0.2E-01 
0.2E-01 
0.2E-01 
0.2E-01 
ON2E=011 


0.30 


0.0&+00 
0.3E-03 
0.9E-03 
0.2E-02 
0.2E-02 
0.3E-02 
0.3E-02 
0.4E-02 
0.5E-02 
0.5E-02 
0.6E-02 
0.6E-02 
0.6E-02 
0.7E-02 
0.7E-02 
0.7E-02 
0.7E-02 
0.7E-02 
0.7E-02 
0.8E-02 
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0.4E-03 -0.3E-03 
OubiaaWky o(0)..sJSo0E) 
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ORGES05 sO 5 e055 
ORGES05 5 On 7Ec0> 
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OR7E035 0 0R9E=03 
OSVEH05 | -O5TE=02 
0.6E-03 -0.1E-02 
0.6&-03 -0.1E-02 
ORS ESOS sO mes 02 
0.4E-03 -0.2E-02 
QeSE= 05) -O 326-02 
ORZEI05 5 Omcb 02 
0.4E-04 -0.2E-02 
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0.60 


0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0. 


0.60 


0.0+00 
-0.4E-04 
-0.1E-03 
-0.2E-03 
-0.3E-03 
-0.5E-03 
-0.6E-03 
-0.7E-03 
-0.9E-03 
-0. 16-02 
-0.1E-02 
-0.1£-02 
-0. 16-02 
-0.2E-02 
-0.2E-02 
-0.2E-02 
-0.2E-02 
-0.2E-02 
-0.2E-02 
-0.3E-02 


0.75 


0.01 
0.01 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
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0.00 
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0.75 
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“O32E-02 
—Oacea02 
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SORCE@O2 


0.80 


0.03 
0.02 
0.01 
0.01 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
Oe 
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-0.4E-04 
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“OR 2Es05 
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-0.6E-03 
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Ome Ocie 
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-0.1E-02 
Oeckeue 
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Ome G02 
“Q52E 02 
-0.2E=02 
SOrcbnue 


0.90 


-0E+00 
-4E-04 
- 1E-03 
-2E-03 
-3E-03 
-4E-03 
DE -05 
-6E-03 
-7E-03 
-9E-03 
mleeoe 
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a estey2 
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“On2b=02 
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1.00 


0.0E+00 
-0.3E-04 
-0.1E-03 
= OR2E203 
= OF SECOS 
-0.3E-03 
-0.4E-03 
0.5 E=05 
-0.6E-03 
-0.7E-03 
-0.8E-03 
-0.9E-03 
-0.1E-02 
-O31Es02 
SO sEeOd 
“Os 1Ee02 
“Ont ea02 
ADEA S10 
JOR cE 02 
S05 ce-0e 


z¢m) 


0.0216 
0.0227 
0.0238 
0.0249 
0.0259 
0.0270 
0.0281 
0.0292 
0.0303 
0.0313 
0.0324 
0.0335 
0.0346 
0.0357 
0.0367 
0.0378 
0.0389 
0.0400 
0.0411 
0.0421 
0.0432 
0.0443 
0.0454 
0.0465 
0.0475 
0.0486 
0.0497 
0.0508 
0.0519 
0.0530 
0.0540 
0.0551 

0.0562 
0.0573 
0.0600 
0.0627 
0.0654 
0.0681 

0.0708 
0.0735 
0.0762 
0.0789 
0.0816 
0.0843 
0.0870 
0.0897 
0.0924 
0.0951 

0.0978 
0.1005 


r/H= 


0.20 


0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E&+00 
0.0E&+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
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OF 2E-01)) 10. 76-02 
O.2E-01 076-02 
0526-01) .0..7E-02 
0.2E-01 0.6&-02 
0.2E-01 0.6E-02 
0.2E-01 0.6E-02 
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OME= O10. 56-02 
OF E.On 0. SECO 
OO1E= OJ) (052-02 
OF Ee Ole 0s 2E@0e 
OME Oi pO. Es 02 
0.9E-02 0.6E-03 
0.8E-02 0.3E€-04 
O./E-02 -0,6€-05 
OF6E-025-05 E02 
O,5E-024-022E-02 
0.4E-02 -0.3E-02 
0.5E-02 -0.3E-02 
0.2E-02 -0.4E-02 
0.7603 -0,5E-02 
-0.4E-03 -0.6E-02 
-0.2E-02 -0.6E-02 
= 0 SE s0cu- 05 SE-02 
-0.8E-02 -0.1E-01 
SOME sO lu Ose) 
Ola eiiO) ae Clalit 
Ge 2E Ole On2ea0t 
=O 2E-01) = 0528-01 
“055E- 010 -022E2011 
-OPSec0 len Oneec0 | 
-O256-01n-OS5E0i 
-0.4E-01 -0.3E-01 
-0.4E-01 -0.3E-01 
-0.4E-01 -0.3E-01 
-0.5E-01 -0.4E-01 
-0.5€-01 -0.4E-01 
[ODES Ol OnGe- On 
-0.6E-01 -0.4E-01 
FO ROCSO Ia Oo Een 


0.40 


-0.1E-03 
-0.3E-03 
-0.5E-03 
-0.6E-03 
-0.8E-03 
-0.1£-02 
-0.1E-02 
-0.2E-02 
-0.2E-02 
-0.2E-02 
-0.2E-02 
-0.3E-02 
-0.3E-02 
-0.3E-02 
-0.3€-02 
-0.4E-02 
-0.4E-02 
-0.4E-02 
-0.5E-02 
-0.5E-02 
-0.5E-02 
-0.6E-02 
-0.6E-02 
-0.7E-02 
-0.7E-02 
-0.7E-02 
-0.8E-02 
-0.8E-02 
-0.9E-02 
-0.9E-02 
-0.9E-02 
-0.1E-01 
-0.16-01 
-0.1£-01 
-0.1E-01, 
-0.1E-01 
-0.1E-01 
-0.2E-01 
-0.2E-01 
-0.2E-01 
-0.2E-01 
-0.2E-01 
-0.2E-01 
-0.2E-01 
-0.3E-01 
-0.3E-01 
-0.3E-01 
-0.3E-01 
-0.3E-01 
-0.3E-01 


2 


0.50 


ORE 02 
OS 2Es02 
OR SER02 
ol) 8}2 192 
-0.3E-02 
“0556502 
SOE SECO 
-0.4E-02 
-0.4E-02 
-0.4E-02 
-0.4E-02 
“0. DE-02 
-0.5E-02 
SOeDen Oe 
0) 55}2 10/2 
-0.6E-02 
=O 6Ee 02 
-0.6E-02 
-0.6E-02 
=O57E202 
-0.7E-02 
“0; 7Es02 
“0; 7E:02 
-0.8E-02 
SORGE—02 
-0.8E-02 
ZOBSERO2 
0596-02 
-OR9E02 
-0.9E-02 
-0.1E-01 
-0.1E-01 
-0.1E-01 
OQ S1Es01 
SOMEsOF 
~ Oru | 
*OME=01 
SOeiL EO 
7 OmcEaOn 
“OCceSO 
-0.2E-01 
-0.2E-01 
OaceeOn 
-0.2E-01 
On2E-01 
Ome m0) 
7 Onme2Ee0 1 
SOR 2E =O 
SORCEROT 
BOMCE RON 


Oi- 


0.60 


“0 3Ee02 
=0..3E-02 
+0. 35E" 02 
O25E-02 
Op aEE0e 
-0.4E-02 
-0.4E-02 
-0.4E-02 
-0.4E-02 
-0.4E-02 
a0) EIS oC 
“0; 56-02 
7Onee 02 
Oe Dee Oe 
“056-02 
-0.6E-02 
-0.6E-02 
-0.6E-02 
-0.6E-02 
= O05 Obe02 
sOg e202 
-0.7E-02 
SOE /ESO02 
-0.7E-02 
WOeSE- O02 
-0.8E-02 
“Oe0E.0¢ 
=Q38E=02 
-0.8E-02 
-0.9E-02 
-0.9E-02 
-0.9E-02 
-0.9E-02 
-0.1£-01 
SOs E@0 1 
-OemE sO) 
= OaE=01 
=OwEs01 
=O E-01 
=O0E=01 
-0.1E-01 
-Oe1e=01 
SORCECION 
-0.2E-01 
“Oe2E=01 
“0526501 
SOereeeO\T 
AQ 4e101 
= OcEmOu 
Omce 20 


0.75 


OSE O2 
-0.3E-02 
“O5S5E- 02 
(0) S48 3102 
“O.SE¢.02 
0655-02 
-0.3E-02 
-0.4E-02 
-0.4E-02 
-0.4E-02 
-0.4E-02 
-0.4E-02 
-0.4E-02 
7055E-02 
SO55EC 02 
-0.5E-02 
“O55E-02 
—0 55.65 02 
“O02 5E* 02 
-0.6E-02 
-0.6E-02 
-0.6E-02 
-0.6E-02 
-0.6E-02 
-0.6E-02 
30). 7d32(0/2 
“OR 7E02 
-0.7E-02 
sOmres02 
-0.7E-02 
-O.57E202 
-0.8E-02 
-0.8E-02 
-0.8E-02 
=O, GE=02 
°0.9E-02 
-0.9E-02 
= QmlECiO1 
-0.1£-01 
OREO 
OSES O4 
SOMNESO1 
=“ QeEe0,1 
OeERO 
“O1E=01 
Oc EeO1 
“OE SOT 
2105 WSsteh 
SO cM E04 
(Bq74soleh 


0.80 


10h 2E 02m 
20SEC OZ me 
“0555-02 - 
q0e5E>02 7 
4055E-02 = 
OMS EE Olu 
S035E-02)- 


GORE 02 


JORGE 02) - 
-0.4E-02 - 
-0.4E-02 - 


-0.4E-02 
-0.4E-02 
-0.4E-02 
055-02 


J055E 020 - 
J0=DE- 02 - 
AOS ES 025 - 
“0556-02 - 


“O>5E> 02 
Os 5b. 02 
-0.6E-02 
-0.6E-02 
=0 366502 
-0.6E-02 


“036502 - 


-0.6E-02 
=OREm0e 


= OR Bec 
OREmO0en - 
Sl) .74220y2 = 
“W)oMeotk © 
=e ie Oc 


-0.8E-02 
-0.8E-02 
[ORSESO2 
“OR GEC 02 


-0.9E-02 - 
-0.1E-01 - 
-0.1E-01 - 


-0.1E-01 


=i QR Otae = 
= OREO. 
Woe ht S 
MSU Oh) 
AO) WOM) 
1) S18! 
0 Wee@ < 
SMe Wacen s 
OL MZSO4) 


‘ . 


a a | a. wat: 
eooooooaoaoaoaaoaaaoaaaaoaoaoeaeaooaoaona eo © 


. rs 
CO OFrOotO 7 O  OFO7 Oo Oso 


(ay (ay (ey te) fel tel gee te pena) 


0.90 


ZEs0eR- 0 
sCEROZ m0’ 
—CoaOgm Oe 
SEO CmeOe 
= Seem 
sels Hy 
eiactiys Li) 
-aEg0e 
ejected 
sale '072 
-4E-02 
-4E-02 -0. 
-4E-02 - 
-4E-02 - 
-4E-02 - 
-4E-02 
-4Es02%- 
sD ERO 
-3E*02 
sober 0. 
soEeOe 
-sEe02 
galactie 
-5E-02 
-I6902.6 
sOESU2 Nc 
-6E-02 
=0E<02uc 
sOb20Cmr 
sOE0e 
-66-02 
-6E-02 
aoe 
-fEs02<20. 
ee 
-8E-02 
-8E-02 
~OEUpa0. 
-9E-02 
-9E-02 
-9E-02 
=i EOiteat0. 
- 1E-01 
. 1E-01 
PH ESTO 
eEsOK 
on Sei Ol 
acto 
ES OilMe- 
le aOw 


z¢(m) 


0.1032 
0.1059 
0.1086 
0.1113 
0.1140 
0.1167 
0.1194 
0.1221 
0.1248 
0.1275 
0.1302 
0.1329 
0.1356 
0.1383 
0.1410 
0.1437 
0.1464 
0.1491 
0.1518 
0.1545 
Oss via 
0.1599 
0.1626 
0.1653 
0.1680 
0.1707 
0.1734 
0.1788 
0.1843 
0.1897 
0.1951 
0.2005 
0.2059 
0.2113 
0.2167 
0.2221 
0.2275 
0.2329 
0.2383 
0.2437 
0.2491 
0.2545 
0.2599 
0.2653 
0.2707 
0.2761 
0.2815 


r/H= 


0.20 


0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0&+00 
0.0E&+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E&+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E&+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0&+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E€+00 
0.0E+00 
0.0E+00 
0.0E&+00 
0.0E+00 
0.0E&+00 
0.0E+00 
0.0E+00 
0.0E&+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 
0.0E+00 


Ores 


-0.6E-01 
-0.7E-01 
-0.7E-01 
-0.7E-01 
-0.8E-01 
-0.8E-01 
-0.8E-01 
-0.9E-01 
-0.9E-01 
-0.9E-01 
-0.1&+00 
-0.1E+00 
-0.1E+00 
-0.1E+00 
-0.1&+00 
-0.1E+00 
-0.1E+00 
-0.1E+00 
-0.1E+00 
-0.1&+00 
-0.1&+00 
-0.1E+00 
-0.1&+00 
-0.1&+00 
-0.1&+00 
-0.1&+00 
-0.1£+00 
-0.1E&+00 
-0.1E+00 
-0.1&+00 
-0.1E+00 
-0.1E+00 
-0.2E+00 
-0.2E+00 
-0.2E+00 
°0.2E+00 
-0.2E+00 
-0.2E+00 
-0.2E+00 
-0.2E+00 
-0.2E+00 
-0.2E+00 
-0.2E+00 
-0.2E+00 
-0.2E+00 
-0.2E+00 

0.0E&+00 


0.30 


-0.5E€-01 
“Opes 0i 
-0.5E-01 
-0.6E-01 
-0.6E-01 
-0.6E-01 
-0.6E-01 
-0.7E-01 
-0.7E-01 
-0.7E-01 
-0.7E-01 
-0.7E-01 
-0.8E-01 
-0.8E-01 
-0.8E-01 
-0.8E-01 
-0.8E-01 
-0.9E-01 
-0.9E-01 
-0.9€-01 
-0.9E-01 
-0.9E-01 
-0.9E-01 
-0.1E+00 
-0.1E+00 
-0.1E+00 
-0.1£+00 
-0.1E+00 
-0.1E&+00 
-0.1E&+00 
-0.1E+00 
-0.1E+00 
-0.1E&+00 
-0.1E+00 
-0.1&+00 
-0.1£+00 
-0.1E+00 
-0.1&+00 
-0.1&+00 
-0.1E+00 
-0.1E+00 
-0.1£+00 
-0.1£+00 
-0.1&+00 
-0.1E+00 
-0.1£+00 
0.0E+00 


0.40 


0, SES) = 


-0.4E-01 


-0.4E-01 - 


-0.4E-01 
-0.4E-01 
-0.4E-01 
-0.4E-01 


-0.4E-01 - 


-0.4E-01 
-0.5E-01 
S06 /5 20) 
“0-56-01 
FORDE 70N 
=O25E-01 


a}asiscls}i} 


-0¢5E-011 
~0, 66-04 
-0.6€-01 
-0.6E-01 
-0.6E-01 
-0.6E-01 
-0.6E-01 


“OS6E=07 = 


-0.6E-01 
-0.6E-01 
(0) (A210) 


20), A=Bi) 


-0.7E-01 


(0). 7Azo(8}i] © 


-0.7E-01 
-0.8E-01 
-0.8E-01 


0)45 510) 


-0.8E-01 


oi afeoley! 2 


-0.8E-01 


= Ono ena 
SOG cea One 


-0.9E-01 


SO a9E One 


HelEco 


SO Elsooh) © 


-0.9E-01 
-0.9E-01 


(0), les-8\9). 2 
J ORM EtO ON 


0.0E+00 


6 ‘ 
oOo OO CO O 


° . oe Oe eae 
oooo0o0oe0d06cUcrUWUlcOdlhlUO 


os . 
ooo 0.dUcUOUCUCOOWUCOUCOW 


0.50 


POE 
PS ESO 
PoE On 
celselot 
CoE- Ot 
-5E-01 
SSE-ON 
AERO 
POEUN 
els} 
-5E 7014 
-4E-01 
-4E-01 
-4E-01 
-4E-01 
-4E-01 
-4E-01 
-4E-01 
-4E-01 
-4E-01 
-4E-01 
-4E-01 
SISO 
BOER OT 
29E-01 
Oe ON 
soe Ol 
-oE-OT 
soe 01 
se Ol 
ss2°0ii 
-6E-01 
-6E-01 
-6E-01 
-6E-01 
-6E-01 
-6E-01 
-6E-01 
-6E-01 
aldol 
aE Ot 
fs ata 
nfAseooh 
-7E-01 
(Asati 
EON 
.0E+00 


0.60 


(0) 6745310) 
On 2eCOn 
=(0)gASs0i 
aB)543eG)i 
S05 2E-0n 
-0.2E-01 
-0.2E-01 
“0-36-01 
“05 5E <0 
[06 5e-01 
“0 5E-01 
-0.3E-01 
-0.3E-01 
-0.3E-01 
“0.3E>01 
-0.3E-01 
-0.3E-01 
-0.3E-01 
0256-01 
(0) 24510) 
025E> 011 
BL} 1510) 
“035E°01 
-0.4E-01 
-0.4E-01 
-0.4E-01 
-0.4E-01 
-0.4E-01 
-0.4E-01 
-0.4E-01 
-0.4E-01 
-0.4E-01 
-0.4E-01 
-0.4E-01 
7 O70 
aL) sas (0) 
OF 56-01 
-O79E"011 
WB o(8)] 
Oe EO 
Ome 
SOE Oi 
S0eSEoO4 
[OSE 0 
-0.5E-01 
-0.5E-01 
0.0E+00 


ONS 


-0.2E-01 
-0.2E-01 
-0.2E-01 
-0.2E-01 
-0.2E-01 
-0.2E-01 
-0.2E-01 
-0.2E-01 
-0.2E-01 
-0.2E-01 
-0.2E-01 
-0.2E-01 
-0.2E-01 
-0.2E-01 
-0.2E-01 
-0.2E-01 
-0.2E-01 
-0.2E-01 
-0.2E-01 
-0.2E-01 
-0.2E-01 
-0.2E-01 
-0.3E-01 
-0.3E-01 
-0.3E-01 
-0.3E-01 
-0.3E-01 
-0.3E-01 
-0.3E-01 
-0.3E-01 
-0.3E-01 
-0.3E-01 
-0.3E-01 
-0.3E-01 
-0.3E-01 
-0.3E-01 
-0.3E-01 
-0.4E-01 
-0.4E-01 
-0.4E-01 
-0.4E-01 
-0.4€-01 
-0.4€-01 
-0.4E-01 
-0.4E-01 
-0.4€-01 

0.0E+00 


0.80 


SOC TEDUn 
ADA WE 
“Usce-Ul 
“Vaca ul 
-0.2E-01 
sORcemon 
-0.2E-01 
-0.2E-01 
“0.2E-O1 
Weaeio)y 
25745210! 
“O,2e"U 
BO m2 ceo 
SOscemOn 
-0.2E-01 
=O.2e-U1 
“0.2E-01 
a(hegr4=3210)4 
=Q.2E-01 
Ae} 5743c10)h 
-0.2E-07 
“0-26-01 
“On 2e- On 
-Q.2E=01 
-Q.26-Ot 
—Oncesun 
-0.SE-07 
SOS EDO 
SORES 0) 
-0.3E-01 
°0.3E-01 
=O. 56-01 
*U556701 
-0.3E-01 
*0.5E-U1 
“0-56-01 
-0.3E-01 
SoS 3001 
SQeSeaOi 
SORSeaOn 
SORSE=09 
-0.3E-01 
SORSEOi 
-0.4E-01 
-0.4E-01 
-0.4E-01 
0.0E+00 


0.90 


SOE SO. 


As Usclht, 


-OSTE-On 
SO eo On 
5 Wiesel 
OC ESOn 
-0.1E-01 
-0.2E-01 
-0.2E-01 
SOmecoor 
=O.ce-On 
“Oeeb-01 
-0.2E-01 
-0.2E-01 
SORcERUn 
“Q52E=01 
-0.2E-01 
“Ol2bsu4 
sOnecoan 
-0.2E-01 
-0.2E-01 
-0.2E-01 
-0.2E-01 
“0526-08 
“026-07 
-0.2E-01 
-0.2E-01 
-0.2E-01 
-O 522 Un 
=Once=Og 
“O26 =U) 
“026-103 
SOsZEaON 
-0.3E-01 
-0.3E-01 
-0.3E-01 
-0.3E-01 
"0536-00 
-0.3E-01 
JOSE 200 
JOmRSEaOn 
-0.3E-01 
“O.5E-01 
-0.3E-01 
S025 E00 
Wg SES(0) 
0.0E+00 


=. Te 
-0.1E-01 
“0. Teeon 
-0.1E-01 
“05 TE-01 
=0..1E=01 
“O. 16-01 
-0.1E-01 
-0.1E-01 
-0.1E-01 
-0.1E-01 
-0.1E-01 
“0. Te-07 
-0. 1E=01 
-0.1E-01 
-0, T6701 
-0.2E-01 
-0.2E-01 
-0.2E-01 
"0.201 
-0.2E-01 
-0.2E-01 
-0.cE-01 
-0.2E-01 
-0.2E-01 
=O 2e"01 
-0°2E=01 
-0.2E-01 
“0526-00 
-0.2E°01 
-0.2E-01 
-0.2E-01 
-Q.26 700 
-0.2E-01 
“0-26-00 
-0.2E-01 
-0.2E*01 
“0 2E-00 
-0.2E-01 
-0.2E-01 
-0.2E-01 
-0.2E-01 
=O. 2E-01 
-0.3E-01 
-0.3E-01 
=O.5E7U1 
0.0 


APPENDIX A5.3 - NUMERICAL DOMAIN, RUN 2 

CEILING JET INDUCED BY A 2.00 kW FIRE 

CEILING WEIGHT, f= 0.5 m 

RANGE OF r/Il LOCATION: 0.20 - 2.00 

CEILING JET PROPERTIES CALCULATED AT EVERY r/II INCREMENTS of 0.05 

TOTAL NO. OF NODES IN r DIRECTION= 37 

RANGE OF z DOMAIN: 0.0 - 0.129 

FOR DISTANCE BELOW CEILING=0.032 z INCREMENT=0.0005, NO. OF NODES= 60 
FOR DISTANCE BELOW CEILING=0.075 z INCREMENT=0.0014, NO. OF NODES= 32 
FOR, DISTANCE BELOW CEILING=0.0907 z INCREMENT=0.0027, NO. OF NODES= 20 


TOTAL NO. OF NODES IN z DIRECTION=112 
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